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CHAPTER 6

ELECTRONIC DEVICES

CATHODE RAY TUBES

1. Construction and Operation

The Cathode Ray Tube (CRT) is the principal display device in
most radar systeus., It can be thought of as an indicating device with
a very light pointer which has no inertia. The pointer is, in fact,

a beam of electrons which can be deviated by means of electric or
magnetic fields. Where the electron beam impinges upon the fluore-
scent screen of the tube it forms a spot of light, and as the beam is
moved the spot traces out a pattern on the screen which is called the
Trace. The brightness of the spot can be altered by the application
of suitable potentials so that the trace may be made brizghter in some
parts than in others. In some tubes the trace on the screen is trans-
itory and disappears as soon as the electron beam is displaced, while
in others there is an afterglow period so that the trace remains
visible for some time after the electron beam is moved.

It is instructive to compare the intermnal construction of a
CRT with that of a triode, In a triode the control grid is used to
vary the quantity of electrons reaching the anode so that the elec-
tron stream from the cathode is intensity modulated, In a similar
way.a cathode ray tube has a cathode to produce a stream of electrons
which are accelerated by an anode system and can be intensity modu-
lated by the variation of potential difference between the control
electrode and the cathode, The electron stream, however, needs to
be concentrated (focused) in e narrow beam so that after it has
passed through the anode system it produces a small sharply defined
spot of light.

The beam of electrons can be changed in direction by an

electric or a megnetic field or can be modulated in intensity, oxr both,
and the effects will be made visible on the fluorescent screen, Ir
the beam of electrons is deflected rapidly and repeatedly the moving
spot of light will produce a persistent trace on the screen, Inten~
sity modulation of the beam will vary the number of electrons reach-
ing the screen in a given interval of time and so alter the brightness
(brilliance) of the spot or trace (Fig. 264).

The cathode ray
tube consists essentially

of':~

(i) The electrc?n CONTROL  EVACUATED BEAM (OF ELECTRONS
gun (or, smply, ELECTRODE ~ GLASS BULB (UNDEFLECTED)
t%‘le gun} comp- ANODE
rising:- a spoT
cathode which
acts as & source ‘;‘ — TRACE

] -
of electrons; FLUGRESCENT
SCREEN

a control elec- FOCUSING
trode which SYSTEM
alters the CATHODE DEFLECTON BEAM OF ELECTRONS
electron congen= SYSTEM (DEFLECTED)
tration in the
beam; and an
anode to acceler— Fig. 264 ~ Schematic layout of CRT

ate the electrons.
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Chap.6, Secte2;3,4

(ii) A focusing system which is commonly (in electrostatic
fecusing)} part ef the gun.

(iii) 4 deflecting systems
(iv) A fluerescent screen.

(v) An evacuated glass bulb,

2. Types ef Tubes

(i) The meat cemmon type #f tube used in radar is the hard tube
in which the glass envelepe centaining the electrode system is
sealed off after the air pressure has been reduced te about 10"6hm.
of mercury., The accelerating petential may have a value frem about
500 V to about b kV, depending en the size of the tube; tubes
normally have screen dismeters between 1 and 15 inches.

(i1) Soft tubes, in which the ges pressure is about 0+0l mm, ef
mercury, are also in use, They usually employ an accelerating
potential whese value lies between 200 and 1000 V. This type eof
tube has serious disadvantages cempared with the bard tube (Sec. 14)
and is neot coumonly used. ’

3. The Cathode

The cathede is usually ef the indirectly heated type and
congsists ef a small nickel tube cleosed at ene end. The emissive
substance (2uch as a mixture of barium and strentium exides) is
situated in a depressien in the clesed end of the tube and the heater,
supplied with an alternating voltege (from 4 te 6-3 V. depending en
the particular CRT) is inserted threugh the open end ef the tube.

The beam current is of the erder of 30 - 300 micreamps. Directly
heated filements are wnot commonly used as cathodes except in soft

tubes, since if they are supplied with an altermating voltage the

electron stream is likely to be adversely affected.

4.  The Anode

The anede is mounted & shoert distance frem the cathede oun
the side nearer the fluorescent screen, and usually (when the anede
is also part of the fecusing system) takes the form ef & disc with
a hole about 1 mm, in diameter in the centre, When the anede is
simply an accelerating electrede, it often takes the ferm eof a cenduc~-
ting layer of carbon particles (aquedag ceating) on the inside surface
of the glass envelope ef the CRT.

The petential ef the anede is maintained at some hundreds eor
thousands ef volts positive with respect to the cathede in erder te
accelerate the electrons. Some electrons travelling at a high speed
from the cathede are cellected by the anode, whilst seme pass through
the hole and continue te travel dewn the tube until they strike the
fluerescent screen., The electren beam is divergent, due partly to
the mutual repulsien of the electrons as they pass down the tube, and
partly to the angle at which electrons frem different parts eof the
emltting surface pass through the anede aperture. This divergence
tends to cause the spot of light en the fluerescent screen te be
large and diffuse. To make the spet =swall and well defined the elec~
trons must be made te converge so as te strike the screen over as
small an area &s pessible. A fecusing system (Secs, 11 - 14) is
used feor this purpose.
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vect.  ,6,7

5. The Control Electrode (Control Grid)

Only a small proportion of the total number of emitted
electrons pass through the hole in the anode unless the electron
stream from the cathode can be compressed into @ narrow beam which
can pass through the anode aperture. This compression is performed
by the Control Electrode which usually takes the form of a hollow
nickel ecylinder surrounding the cathoce, It is called the Shield,
Wehnelt Cylinder or Grid, the last name being generally used because
the electrode has a control on the beam current similar to that
exerted by the control grid of a triode wvalve on the anode current.

If a potential, negative compared with that of the cathode, is applied
to the grid a region of minimum potential is produced in the neigh~
bourhood of the cathode. The immediate effect of this potential
minimum is to reduce the divergence of the electrcn stream.  Increas—
ing values of negative potential on the grid cause the electron
stream to become more and more compact until at some optimum value

the majority of the electrons pass through the anode aperture.
However, if the negative potential is increased beyond this value
there is an appreciable reduction in the beam current, In a walve
the anocde current is reduced in a similar manner, The brightuness

or brilliance of the spot on the CRT screen depends on the number of
electrons reaching the screen in a2 given interval of time and so is
coutrollable by the potential zn the grid. The grid potential can be
made sufficiently negative so ihat the grid field neutralises that

of the anode. Then the bewa 9 electrons is cut orf and the spot

of light on the screen is "blacked out", This correspon.s to cut-
off bilas on the grid of « triode,

6. Brilliance

The intrinsic brillicnce ot the spot depenis ou the energy
contained in the beam, It i:, -herefure, proportincnal to both:-

(i) The square of' the s licity or the electrons, which
depends on the potential dirference between anode and
cathode, and

(ii} the current density {number of electrons striking the
screen per unit interval of time) of the beaw which
largely depends (Sec. 5} on the potential difference
between the grid and cathode,

If the spot is gwept over the screen the energy of the illum-
ination is spread over a large area, Hence, on the assumption that
the frequency with which the movement of the spot is repeated remains
constant, the greater the mignitude or speed of this movement, the
less the apparent brilliance of the trace. Thus, nigh speed and
large tubes require high ancde woltuges in order to produce adequate
brilliance. When the spot is stationary the brightness must be
reduced to & minimum (by control of the grid-cathode voltage), other—
wise the persistent electron bombardment causes a portion of the
screen to lose its fluorescence: the tube screen is then said to be
"burnt® and no {luorescence appears afterwards at this place.

7. The Fluorescent 3creen

The screen consists of a translucent layer of fine powder
adhering to the end of the tube, The emission of light during the
actual stimulus of tne pesm iy fopwmea Plucrescence;  light wnhich
continues to be emitted after the stimulus has been removed is due to
phosphorescence and is called Afterglow, The material of tne powder
determines the colour of the trace, and also the duraticn of alterglow.
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The desirability eor etherwise of using a screen with long afterglow
depends en the purpese for which the tube is to be used.

The bebaviour ef the screen, including its luminous efficiency,
depends greatly on the purity ef the compound used. Such substances
as ocalcium tungstate (blue~vielet trace), zinc silicate (green), zinc
phesphate (red} and preparations of szinc sulphide and zinc cadmium sul-
phide are a few from amongst those that may be used, A minute trace
of an Activator such as silver er cepper is necessary to produce the
maximun luwainous efficiency, which is ef the erder of 1 ~ 5 candle
power per watt, In a good many cases afterglow of a screen is limited
to a few micreseconds, andby the additien ef a suitable "killer®
such as a cempeund of nickel, it can be cut dewn te a fraction of a
micresecond. When it is necessary to examine a trace leng after the
stimulus giving rise to it hss ended, a screen with a long afterglow
of several seconds may be used; such & soreem mey censist of zinc
sulphide with a cepper cempound as an activater,

8. Screens with Multiple Layers

In general it is found that when a screen has an afterglow
of short dwatien the build-up time for the light te reach maximum
intensity 1s short and the average intensity is high., Hewewer, when
the screen has an afterglow of long duration the build-up time ef
the intensity of the light is comparatively leang and the average
intensity is low, In erder to obtain leng-afterglow characteristiocs
with a higher average intensity ef light it is pessible te use a
screen consisting of twe layers ef different fluoreacent materials,
The electren beem strikes the first layer and causes it to emit
ultra=-violet and visible blue light., The afterglow duratien of
this layer is usually & small fraction of & second. The wltra-
violet light acts en the secend layer (nearer the face of the tube)
and causes the emission from it ef visible light (usually yellew).
The afterglew duratien ef this layer is of the erder ef a few secends.
An arrangement of this kind is found to give a cemparatively high
average intensity of illumination combined with leng afterglow,
Since it has been arrsnged in this case that the blue light is ef
short whilst the yellow light is of long duratien, it 'is pessible,
with suitable light filters, teo arrange fer the screen te shew the
characteristics of either shert er leng afterglew. Thus if the move-
ment ef the spot is viewed threugh a filter capable of passing blue
light enly, then the short afterglew is seen., If, however a yellew
filter is used, only the leng afterglew cheracteristic is visible.

The use of screens with multiple layers allews fer the
possibility ef distinguishing between these mevements eof the spot of
light which are regularly repeated at a fixed pesitien en the screen
and these which are net., This pesaibility ls ef great importance
in readar applicatiens, Suppese fer example that ene layer ef the
screen, with shert afterglew characteristics, emits red light when
activated, whilst anether lsyer, with long afterglew emits green
light., If movements ef the electren beam are regularly repeated,with-
in a peried sherter than the duratien ef the afterglow, and at a fixed
position en the screen, the green light can grew in intensity in
comparisen with the red. If the meovements ef the beam of electrens
are not repeated at the same positien en the screen the green light
at any ene position will neot attain sny appreciably intensity and the
briefer emissien ef red light will predeminate.

9. The Skiatren or Dark-Trace Tube

Screens are alse in use whose materials react te the stimulus
of the electren beam by a change of celeuwr rather than by fluerescing.
This celouration is most marked in the case ef certain of the alkall
halides, and the final celour obtained varies with the salt used for

292



Cugi .6, Sect.10,11,12

the material of the screen. In general the meterial used is
potassium chleride, and the electren besm causes a dark magenta stain
where it strikes the white sereen.

. The staining does net die away instantaneously on the removal
of the exciting electren beam, There is in fact an'afterglow" - if
such a term can be applied te a dark mark formed on a white background,
The rate of the decay of the colour is found to depend mainly on:-

(1) the initial intensity of the marking on the screen, the
decsy taking lenger, the more intense is the initial mark;

(ii) the intensity and colour ef any light incident en the
screen from an external source, the decay being more
rapid the greater is the intensity;

(iii) the temperature ef the screen, & rise in temperature
resulting in a mere rapid decay.

If the face of the CRT is brightly illuminated, it and any dark trace
on it can be projected a3 in an episcope en to & large ground-glass
screen, In this way magnified images of the stains en the face of
the tube can be obtained, Mercury light is usually chosen as the
illuminant for the screen for twe reasens. In the first place, it
is rich in the yellowish-green light band, a celew which is approx-
imately complementary of the magenta stain, so that there is good
centrast between the colour ef the screcen and that ef the stain,
Secondly, light ef this colour is the most active in producing the
decay of the stains. When the screen is illuminated with a single pulse
of intensity of about 70,000 foot-candles of mercury light the stains
last for about 10 seconds. For repeated excitation the stains will
obviously last very much longer.

The type of tube described above is commonly called a Skiatron.
10. The Glass Envelope

The end of the glass envelepe, on which the fluorescent screen
is deposited, has a curvature which is censistent with mechanical
strength, It is worth noting that the end of a tube of dismeter 12
inches carries & load of %’: ton due to atmespheric pressure alene,

FOCUSING SYSTEMS

1l. General

The necessity for focusing the electron beam was discussed in
Sec. 4 There are three methods available:=

(i) Electrestatic - with hard tubes,

(ii) Magnetostatic =~ with hard tubes.

(iii) Gas - wath soft tuves,
Each of those three methods has its own advantages and disadvantages
z::dSi) and (ii) are in common use in radar whereas (iii) is rarely

12, Electreostatic Focusing

This form ef focusing utilises the effects of suitably shaped
electric fields en the electron besm, The effects are very similar
to those obtained when a beam of light passes through materials of
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different eptical refractive imdices., In this connection & new
branch ef applied science, known as Electron Optics, has come into
existence, and meny eof the tems used are borrowed direct fram
physical eptics.

A ray of light is refracted if it passes from a medium ef
one refractive index teo & medium ef anether. If the refractive
index of the first medium is smeller than that ef the secend, the
ray of light is bent towards the line normal te the boundary ef the
tweo media. If sn electren, meving with velecity ul through a region
of constant petential V] passes inte a regien of censtant potential
V2 its welocity is altered end its path changes direction at the
boundary between the twe regiems. If w1 (preportienal te the
square-reet ef V1) is less than vy, (preportional te the square-roet
of V2) the path of the electren is bent tewards the line normel to

the boundary: (Fig. 265).

NORMAL NORMAL

1
M !
RESFR:'(ETLIE\?E |  REGION OF
INDEX VELOCITY & | CONSTANT
t
)

POTENTIAL
Vi

BOUNDARY BOUNDARY

REGION OF
CONSTANT

I\ .
¥ " INDEX VELOCITY &2,
RAY OF LIGHT ELECTRON PATH

V2 >V

Pige 265 - Refraction of ray of
light and of electron beam.

In most cases considered in electron optics the change ef
petential frem one region te another is gredusl and the path ef the
electron is curved. 1In Pig. 266 the electron is shown passing
threugh & region ef constant potential gradient, the direction ef its
initial mevement making ®n
angle with the lines of
electrestatic ferce. In
electren optics the equi~
petential planes, all at
right-angles to the lines

of electirestatic force, INITIAL DIRECTION
are equivalent to swurfaces * - OF ELECTRON
of constant refractive INCREASING S

index in physical eptics. \\

The electron undergoes k oaTH OF
continucus refractien as ELECTRON

LINES OF ELECTRIC FORCE

it passes through the

‘quipetential Surfaces, ==—w=--e—=-= LINES REPRESENTING EQUIPOTENTIAL

and if it is moving frem SURFACES

regiens of lewer te

regions of high potential, Pig. 266 - Path of electron moving
its path always tends te through wniform accelerating
coincide more and mere electric Pield.

with & directien perpend=-

icular te the equipotential planes, This last statement is true what-
ever the shape ef the equipotential surfaces. In an accelerating
field an electron is deflected towards the nermel te the equipetential
surfaces; in a retarding field it 1s deflected away from the normel.
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A set of electrodes having rotational symmetry about an axis
can be used to produce a symmetrical electrostatic field which has
properties, in electron optics, somewhat similar te those of a lens
in physical optics. Pig. 267 shows a simple type of electrom lens
which is produced by placing a plate with & circular hele in it
between two other plates and then fixing the potential. of all three
50 that there are different potential gradients en the twe sides of
the centre plate. Pig., 268 shows a more cemplex type of electron
lens, This lens is produced by two coaxial cylinders at different
potentials., If the potential of the second cylinder is greater than
that of the first, the equipotential surfeces are distributed es shown
in the diagram. An electron which enters the first cylinder at a
small angle to the axis experiences a force towards the axis while i%
is passing through the first cylinder and on to the second. As the
electron enters and passes through the second cylinder. it experiences
a force away from the axis. The convergent angular deflection exceeds
the divergent because the electren remains longer in the convergent
portion ef the lens, and therefore a gaven rorce can deflect it
through a greater angle. The resultant converging action of an elec-
tren lens consisting of two gylinders depends on the dimensions and
relative spacing of the cylinders and on the ratie of their peotentials,

The simplest method of achieving electrostatic focusing of
the beam 1n a CRT is shown in Fig. 269. Here tne focusing system
consists of twe cylinders held at different potentials, botn pesitive
with respect to that of the cathode. The cylinder nearer the grid
(Pirst Anode) is commonly at a potential of the order of a quarter of
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that of the other cylinder

(Second Anede) with respect

to the cathede. The poiut

to which the electron beam

is focused is determined R OR miTNG
by the ratio ef the potent=- SR R
ials of the first and 7
second anodes. This ratio A
must be adjusted so that the vl
focal peint is brought to e
the fluerescent screen,
This change in the ratio of - - EoUROTENTIAC SURFACES

the potentiuls on the two

anocdes is usually obtained

by altering the potential Fig, 269 - Two-anode focusing
of the first anode. system of (RT.

AXIS OF
SYSTEM

With the two-anode system it is found that the controls of
focus and brilliance are not independent. Change of voltage of
the first anede (focusing) affects the intensity of the beam
current (Sec. 6) and, therefore, the brilliance, whilst adjustment
of the voltage of the grid alters the focusing to a small extent.
This is to be expected when it is realised that any change of
potential of any electrode will afi'ect the potential ratios and
accordingly medify the focusing of the electron beam.

When, as is usuel
in radar applications, it
is required to preduce a GRID OR SHIELD CONDUCTIVE COATING
sharp spot whose focus is
almost independent of the
brightness~centrol, a
three-anode focusing
system is used (Fig. 270).
It differs frem the two-
anaede type by the addition
of an extra snode on the
side nearer to the grid.
This new electrede is - .
called the first ancde and ﬁﬁ;tg? Tiree-anode focusing
is commonly, but net always,
kept at the same potential
&s the third anode, nearest the screen. The middle electrode, or
second anode, is usually at an appreciably lower potential, about
one~third or one quarter eof that eof the two other electrodes,relative
to the cathode, Pocusing is usually obtained by a variation of the
potential of the second anede.

2NP- ANODE

J

CATHODE

15T ANODE I
HEATER 3 RO ANQDE

The acditienal anode, between the grid and the focusing anode,
can be ceompared te & certain extent with the additional grid which
converts a triode te a tetrode, Variations in the electric fields
on the side of the additienal electrede remote from the cathode are
thereby screened and have little effect on the field near the cathode.
Thus, variation of the potential of the second anode of a focusing
arrangement does net appreciably affect the intensity of the beam
current, i.e. the brilliance. The presence of the first anode also
minimises the smell effect of changes of grid petential on the focus-
ing system formed by the second and third anodes. A further advan-
tage ef the three-snode system lies in the relative independence of
the deflection system on the focusing arrangements. In the two-anode
tube variation of the first anode is liable to vary the welocity of
the electrons between second anode and screen, and hence te affect the
deflectional sensitivity.
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The size ol the spot obtainable by the abowe method is directly
related to the accelerating petential used. If the petential differ-
ence between the third ancode and cathede is low no ameunt of juggling
with electrede design or relative petentials can preduce a sharply
focused spet., Typical potentials at the electrodes ef a three-anode
CRT, whose screen diameter is 12 inmches, are as follows:-~

- lg-OOG V.
~ 4010 te =4050 V. (wariable brilliance).
- 3000 V. (variable focus),

Cathode

Centrel electrode
Second anede about
Pirst and third anedes oV,

The customary use of negative elsctrode potentials is explained in Sec. 27.

"13. Megnetestatic focusing

In magnete~-
statically focused
tubes there are ne
fecusing electredes
inside the tube.

A steady magnetic
field is directed
aleng the axis ef
the tube by means
of a ceil, supplied
with direct current
(er pessibly by
means of permanent
magnets) mounted
round the neck ef
the tube beyend
the anede, (Pigs.
271 and 272).

Twe
metheds are
pessible;~

(i) Using a
wmiferm
axial field.

(ii) Using &
nen~uniferm
field with
large radial
compenentsa,

Methed (ii) is the
ene used in practice,

Consider an
elsctren of charge e
meving with velecity
u at right angles to
a magnetic field H.
The electren will
experience a feorce
Heu at right angles
beth te the field
and directien of
motien (Fig. 272).

WIRE COILS BEAM (ELFCTRONS
i TAKE TWISTED PATH)

GRID

CATHODE Seover

HEATER ANODE | CONDUCTINE
COATING

POSSIBLE ANODE

MAGNETIC COIL
CONNECTION

(FRONT HALF REMOVED)

Fig, 271 - (RT with magnetostatic
focusing.

H INTO PLANE OF PAPER

® & © @

® ®|l® @ ’

@ ®|® ®
(He )

@

DIRECTION OF
DEFLECTION FORCE
ON ELECTRON BEAM

ELECTRON BEAM
COMING OUT OF
PAPER (CONVENTIONAL
CURRENT INTO PAPER)

RESULTANT
MAGNETIC FIELD

&

Fig. 272 = Force acting on an electron moving
in a magnetic field,
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This force may be considered as generated by the interaction of
the applied field H and the magnetic field due to the electron

current, as illustrated at (b).

It is this force on an
electron travelling in a mage-
netic field which is utilised
in magnetostatic focusing.

The field used is axially
symmetrical and is produced in
practice by placing a coil
inside a soft iron cover with
gape When current flows through
the coil the field produced is
similar to that produced by the
two annull of north and south
polarity; (Fige 273). A and

B are neutral points.

Before discussing the
focusing action eof the coil,
we note that;=-

(1)

— DIRECTION OF ELECTRON FLOW
O DENOTES CURRENT OUT OF PAPER
@ DENOTES CURRENT INTO PAPER

Pig, 273 - Megnetostatic field of
focusing coil.

in their trevel frem cathede te screen the electrons
spend most ef the time in space which is free from

megnetic fields ef significant magnitude.

(i)

the electrons are moving with a high welecity aleng er
very near te the axis,

Hence enly & radial compenent

of the field will produce &n appreciable deflecting
force in such a direction as te cause the electron te
spiral about the axis.

Observatien of the lines'of ferce reveals that there are twe

regions P and Q where the radial fields are relatively large.

Near

the axis the radial cempenent is beund te be appreximately prepertienal

to the distance frem the axis,

The space R between P and @ centaina

a large axial magnetic field and near the axis this will be virtually

censtant,
274:. A nen-axial electren
entering region P will start
retating about the axis,

When it leaves P it will have
attained an angular velecity
proportional te its distance’
from the axis. In the
figure this welecity will be
inte the plane ef the paper
abeve the axis., In regien
R this velocity being per—
pendicular te.the axial
field will cause the elec-
tren te meove towards the
axis, Thus en leaving
regien R in addition to its

A simplification of such a megnetic field is shown in Fig.

P R a
W = 1H
weAx
WEAX
FEco A - 8 —» rigwo
—
= i
FIELD FIELD
INTENSITY INTENSITY
INCREASING INCREASING
OUTWARDS OUTWARDS

——3ELECTRON FLOW

Pige 274 - Ideslised magneto-
statlc focusing fleld,

rotation abeut the axis the electren will have s radisl compenent ef

velocity.

velecity with which the electron entered the region R,

This radial cemponent will be prepertional te the angular
Thus the radial

velecity will be approximately proportienal te the distance ef the
electren frem the axis on entering P.

The electren new enters regioun Q.

The radial field here can

have no effect en the radial velecity but it will reduce the angular

retatien:

since the tetal imward flux at Q is egual to the tetal out-

ward flux at P the ultimate angular velecity will be zere, but usually
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rotation of the imaze exists. Thus an "off axis" electron leaves
the field with a velocity towards the axis. This velocity is pro-
portional to its distance from the axis on entering the field. It
can be shown that, provided the dlsposition and intensity of the
magnetic field are suitably adjusted, all the electrons diverging
from a point on the axis

outside the field will

after passing through

the field converge to

anether peint on the

axis,

A
Broadly speak- ca 8
ing, at A of Pig., 275 THODE SCREEN
there is wice the FIELD

divergence at B, but

the electron is twice
as far freom the axis

50 that the radial

———»= ELECTRON FLOW

velocity after passing Fige 275 ~ Direction of electron
through the field will paths entering and leaving focusing
be twice as much, fielde

By suitable adjustment of the position of the coil and
the current through it the focal peint at which the electrons con-
verge can be brought to the screen of the CRT.

14, Gas Fecusing in Soft Tubes

A small quantity eof inmert gas such as argen or helium,
admitted after the tube has been fully evacuated, provides the
focusing action of the electron beam. The grid potential is
usually abeut 50 volts below that of the cathode and practically
all the emitted electrons go through the hole in the anode as a beam
of smell divergence. The cathode potential is normelly between 300
and 500 volts negative with respect to the anode.

As the electrons pass along the tube from the grid, many
collide with the gas melecules, and lonise them so that electrons are
ejected and comparatively heavy and slow=-moving ions are left behind.
The positive ions form a core which exerts 2 considerable attractive
force en the negative electrons. Provided the number of ions formed
is sufficiently great the mutwal repulsive force of the electrouns is
more than counterbalanced,and it is possible to converge the stream
to give a spot on the screen of less than O+5 mm, diameter.

The comparatively short lif'e and dependence of focus en
brilliance in soft tubes using ges focusing makes them unsuitable for
mest radar applications. Also, the inertia of the positive ions
introduces a lag in the focusing wction so that for rapidly varying
deflection voltages the focus is impaired. Soft tubes, however,
have the advantage that intensity of illuminations of the screen can
be accemplished with @ low accelerating potential. External power
supplies are, therefore, simplified, and since the electrons are
moving comparatively slowly, they can be deflected easily, Such
advantages explain the use of soft tubes in some types of oscillo-
graph, but even here they are being replaced by hard tubes using
electrestatic er magnetostatic focusing.
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DEFLECTION SYSTEMS

15. General

It is necessary that the electron beam should be deflected
after it leaves the final anode. In its simplest form the deflec-
tion system is such that the beam of electrens can be deflected to
and fro in & directien at right-engles to that ef the beam,

There are two types ef deflection systems, electric anmd
magnetic; these systems are applicable to both soft and hard tubes,

16, Electric Deflection

An electron situated in a uniform electric field experiences
a force in the direction of the field. Consequently a beam of
electrons passing through s transverse electric field will be deflec-
ted. This deflection is usually ebtained by applying & petential
difference to a pair ef parallel plates so situated within the tube
that the beam passes between them
shortly after it emerges from the
fecusing field; (Fig. 276). The

beam experiences a ferce proper- DEFLECTOR

tional to the field strength and PLATE SCREEN
therefore to the petential

difference between the plates. NEGATIVE ELECTRON
It is bent tewards the more h‘f PATH
pesitive of the two plates and AR (

the velecity compenent which POSITIVE

the electrons acquire, at

right angles to the axis of the il

tube, persists after they leave
the deflecter plates until they
hit the screen, If the peten-

tial difference between the Fig. 276 -~ Deflection of
deflector plates is constant the electron by pair of parallel
beam is permenently deflected. plates.

Steady petential differences

called Shift Voltages are used to adjust the initial pesitien of the
spot of light on the screen., If an alternating petential difference
is applied te the plates, the spet is swept to and fre acress the
tube and, if the frequency is sufficiently great, persiatence eof
vision will cause it te appear en the screen as a trace.

It is pesaible to
obtain deflections in twe
perpendicular directions by

mounting two mutually per- X~ PLATES
pendicuhr setS ef pamnel HORIZONTAL DEFLECTION
plates in the neck of the J

glass envelope, (Fig. 277),

cne set of plates being C a[j
mounted nearer the screen ! =

than the other. These twe

sets of plates are called Y- PLATES
the x am Y phtes, tc VERTICAL DEFLECTION

indicate the directions of
the two deflections relative

to the structure of tha tube.

To allow for the deflection Fige 277 = Deflector plate
of the beam, the plates are assenbly.

not usually parallel throughout

their whole length but usually

diverge towards the screen. The

width of the second pair of plates (the pair nearer the
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screen) is larger than thet of the first pair to allow for the

deflection of the beam by the first pair, It is pessible, by the
applicatien of suitably varying veltages te the two pairsef plates,
te produce a trace at any desired inclinatien to the X and Y aXes.

The deflection sensitivity of & CRT employing electric dew
flectien is given by the deflection of the spot in millimetres for
a potential difference of one volt between the twe deflector plates.
This deflection is found to be inversely proportional te the poten-
tial difference between the catheode and final anode, on the assunp-
tion that the mean potential eof the deflector plates is the same as
that of the final anede. Soft tubes are nomally operated at
much lower anode potentials than hard tubes, se their electric de-
flection sensitivity (about 05 mp/V.} is usually greater than that
of hard tubes (about C-2 my/V.)

smex Derivation of Electric Deflection Sensitivity (Fig. 278)

Let:=-
£ be the length of the deflector plates,
t the distance between the plates,

S the length ef the tube from the centre point of the
deflector plates to the screen,

e the magnitude of the charge on an electron,
m the mass of an electron,

Vo the poteatial difference between the final anede and
the cathode of the CRT,

VP the petential difference between the plates,

u bthe wvelocity of an electron on entry.

Mg, 278 = Electron undergoing electric

deﬂGCtiono
A

The field-strength between the plates = %

Vp e
The force en an electron = -—-E'-
Since force = mass x accelemtion then the acceleration ef

.. Vp.e
the electron towards the positive plate = o

¢

The time the electron is moving between the plates =
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Since displacement = %,acceleration x (t:i.mae)2 then the
transverse displgcement at the end of the plates is

. 21 Vp.e £
given by d’z'ifz-n: =z

But the kinetic energy of an entering electren = + mu « loss
of potential energy as it pasases frem cathede to final ancde =
e.V,, se that mu = 2e Va.
2 V.

Therefore 4 = :L « B

4t Vg

Since the deflecting force is at right angles to the axis of
the tube (initial directien eof metion ef electren) the elec-

tron path is parabolic and the peint A, the apparent érigin
of the deflected beam, is halfway aleng the plates,

Therefore the displacement en the screen is gi'ven by

ds

D= 773
LT
uw Vo

Then the displacement on the screen per unit of petential
differenne between deflector plates, i,e. thes deflectien

senaitivity, is given by % " E_E%

For a glven tube and plate dimensions, the deflection mensi=
tivity is inversely proportional te Vs (petential difference betwesn
the cathode apd finel anede). Sinoe V.0 = ¥ mu? the deflectien
sensitivity is invarsely preperticnal te the aquare of the velooity
(w) of the slectren.

Por s given value ef V, , the cleser the plates, er the longer
their length, er the longer the tuba frem the plates to the soremn,
the greater is the deflectien mansitivity, The nse of a leng tube,
howsver, introduses diffisulties in preduning 2 geod foous, The
foousing aystem has ne centrel over the elsotren beam once it has lefY
the system and, due te the mubual replusion of the eleotrona, the
more remote the sorsen the less sharp will be the feous. Hemge &
:ﬁ:ﬂllé is neoeagary betveen good fecus and high deflection sensi-

Y

17. Kagnetio Deflcotien

It ia eften convenient to preduce the defleotien of the eleo=
tron beam by & transverse magnetile field, Thim is preduced by a
palyr of wimilar anils, ene en esch side of the neok of the glass
envelops, These twe 0eils ars in seriaes and are se wound that they
preduce a magnetic fleld in the same direction sorcss the neck of
the glass envalope, Alternative arrangements &re shown in Pig,
279. The fleld is perpendicular to the direotion ef the eleotren
besm se that the deflectiel is at right angles both to flield and
beam (Ses Sec, 13)

A steady current through the.psir of coils produces & constant
deflectien of the spet; an alternating curvent aweeps the spet te
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and fre te form a

trace, Since the

deflection is a

radial one, per— o WiRe
pendicular to v

the directien of '

the field, the _ﬁ/
locatien of the |

spet on the :

screen depends i

en the pesitien |

of the ceils. i

DIRECTION OF

A sec= MAGNETIC FIELD
ond pair ef
coils at right- @
angles to the
first pair

deflects the

spot in & direc-

tion perpend-

icular te that

of the deflection DIRECTION  OF
due to the MAGNETIC FIELD
first pair of

ceils, (Fig.

280). By

supplying each

pair ef coils

with & suitably o)
varying current

& trace can be

produced at any Fig. 279 - Alternavive methods
desired inclina- of producing sapnetic deflection.

tion to the X
and Y axes.

‘X DEFLECTION

X DEFLECTION ColLs
colLs

COILS

P ) @ y ‘Y' DEFLECTION
CoILS

'Y’ DEFLECTION . r

LU
]
|

} 1 o—
3 v L -t
o— (o)
(a) )}

Fig, 280 = Ooil assembly for
producing magnetic deflection.

With magnetic deflection the deflection sensitivity is found
to be inversely preoportional to the square rect of the potential
difference between final anode and cathode, Thus the deflection
sensitivity with magnetic deflection of soft tubes (low anode voltage)
is greater than with hard tubes (high anode voltage) but the differ—
ence is not so marked as with electric deflection where the deflec-
tion sensitivity is inversely proportional to the potential difference
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between cathode and final anode.

wwe Derivation of Magnetic Deflection Sensitivity (Fig. 281)

If an electron
moves into a uniform

megnetic field se that FIELD s
its directien eof motien :
is at right angles to s 8 AXIS_OF TUBE

the field, it will
experience a force <
perpendicular beth te

the field and to the

motien.

1
Let m be the electronic

WASS 5 Fig, 281 - Hleotron undergoing

e be the electrenic magnetio deflection.

charge,
H be the magnetic field strength,

Vs be the petential difference between finsl ancde and cathode
of the CRT,

I be the extent of the magnetic field (assumed mifom),

s be the distance to the screen from A, the apparent origin
on the axis of the deflected beam; (this is approximately
the centre of the field),

u be the electron welocity,

Then the force on the electiren is Heu,

se that the acceleratien is ﬁ%‘.}.

If this force acts for a time t, this causes the electren to be
deflected a distance d &% (;:f—‘) 2.

i .. . {2
Since t = <, this gives d =% ;u =
2
= He .
‘' 2ma
The deflection D ef the spet en the screen is then given by D & f’x‘ a.

. 2 ged 2

If we take AB approximately equal te -é, this becemes D 772 "o

.=__[sHe
* mu

Writing & mu® = eV, we have

o /B,
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.= e L]
go that D = [sH/zmv

Hence the deflection sensitivity, % is given by

D 7 )
— 4 .
g " ®J7a v,

For given tube dimensions and arrangement eof ceils the de-
fleoctien sensitivity is inversely propertienal to the square root
of V.. Altermatively it is inversely propertional te the velecity
of tﬁe electren.

Fer a given V,, the longer the tube frem the coil te the
screen or the mere extensive the field, the greater 1s the deflec~-
tien sensitivity. The use o a leng tube, however, leads te a

. deterierition ef fecus,

In prectice magnetic deflectien sensitivity is eften measured
in millimetres per milliamp eof current threugh the ceils instead ef
per unit ef magnetic flux,

DISTORTIONS AND THRIR COHRECTION

18, Trapesgium Distertien

Trapeziva distertien can eccur in all CRTs in which electric
deflectioen is utilised, but it is mere apparent with hard tubes since
in these much higher veltages must be applied to the deflector plates
te preduce full scale deflectien., This distertion arises because
the petentials ef the deflecter plates nearer thb screen, say, the
X~plates may affect the deflectien sensitivity ef the other pair,
the Y=-plates.

If the mevements ef the spet
£ill the face of the tube as in
televisien and in certain radar dis~

plays the effects ef trepezium dis- ,
tortien are mest neticeable, The -t
rectangular picture (or Raster) is e T
altered te & trapezium, shewn A"

detted in Fig. 282, thereby giving
the name to this type of distertioen,

It has been thought that
trapezium distertion is due te the
interaction between the electric ,

fields eof the twe pairs ef plates. N N
However, it cen be shown that it o e c
can be producéd if only one pair el o

of plates is used, the deflectien
at right-engles being caused by

netic means. If the electric
deflectien system is mearer the
screen than the magnetic deflec~
system trapezium distortien can
scour,

Pig, 282 - Trapezium
distortion.

Censider the Y-deflectien te be produced magnetically.
Suppose & pesitive petential of, say, 500 V, is applied to the upper
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X-plate (Fig. 283(a)),
the lewer plate
being earthed, as are
the finel snede and
glass envelope. The
equipetential supr-
faces will be dis~-
tributed in & mapner
similar to that
illustrated. Now
consider them cut by
& plane mid-way
between the X~-plates
and containing the
beam, which has
already been deflec~
ted magnetically in
the Y-plane. This
cress section is
illustrated at (b).
The field distribu=
tion acts as an
electronic lens
(see'Sec, 12), the
beam being deflected
towards the normal
te the equipetential

surfaces on enteri
(accelerating fiﬁ
and away from the
nermal en leaving
(retarding field).
Thus in the case
illustrated the Y-
deflection is de=
creased by the X=-
plate potential
distribution.
Similarly it may be
shown that if ene
of the X~plates is
negative with res-
pect te the final
anede the Y-deflec-
tion is increased.

Chap.é, Secte1 8

/ X-PLATES
(@)
________ CQUIPOTENTIAL SURFACES

¥ —DEFLECTION .
OUE TO
X - PLATE

X- PLATE

S

~- -

Fig, 283 = Cause of trepezium
distortion,

If electric deflection is umsed fer both X- and Y-displacements,
the application of deflecting petentials te the Y-plates modifies the
appearance of the field produced by the X-plates; but even when this
action is taken into account, the lens field preduced by the X-plates
still alters the Y-deflection in & manner similar to that described

abeve.

One method of reducing trapezium distortion is te use a
balanced deflection weltage for the pair ef plates, say X~plates,

nearer the screen,

If the deflecting potential applied te one plate

at any instant is equal in magnitude and eppesite in sign to that
applied te the other, the petential of the space midway between the
plates in the path ef the beam is appreximately constant and the Y-

deflection is not altered.

Alternatively deflector plates cerrected for trapezium dise
tortion may be used (e.g., if the tube is used in & deuble~beam
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oscillescope). The pair of deflector plates nearer the final anode

is so assembled that the plate separation is not constant: that is,
the plates are not parallel, Hence the deflection sensitivity depends
upon whether the beam traverses the regien between these plates at a
point whery the plate separation is small or great. In the former
case the sensitivity is greater than in the latter. So if the plate
separation is cerrectly tapered, compensation for trapezium distortion
can be achieved.

Another
methed is to .
shape the plates DEFLECTING
nearer the screen AprOERACE DIRECTION OF
(X-plates) sc that THIS PLATE <

these plates preduce
a deflection which
has a cecmponent

in the ¥ direction @
so taat the trape-

zium distortion

effect is counter=- L7t EQUIPOTENTIAL
acted. This //'1’ LINES
method is illus~ D

trated in Pig. R e R

284(a), where N\

the X=plates are AN

showa te be curved. —_ 3

The arrows indic- e

ate the direction (o)

of deflection

produced by the Fig. 284 - Shaped piates to zliminave
X-plates. A trepezium distortiom,

practical example

of shaped X-plates
is shown in Pig. 284(b); the equipotential lines (shown dotted in
the diagram) are curved and the effects are similar to those obtained

with curved X~plates.

It should be noted
that if this methed for
correcting trapezium dis- —_— ]
tortion is employed it E———
operates only if the SCREEN '
deflecting voltages applied Y- PLATES J
to the plates nearer the
sereen are unbalanced and
also only if the correct
plate is earthed (cennected (@)
to the final anode).

X ~ PLATE

FINAL ANCDE L

X~ PLATES

A more satisfadory
method for correction of
trapezium distertion is
shown in Pig. 285. By
shaping the X-plates as
shown the equipotential
lines at F (Fig. 283(b))
can be made concave as seen SCREEN
from the final anode. Then if ' b
the potential distribution (®)
is such as to cause the

beam to be deflected Fige 285 - Alternative mo'ad
towards the normsl at F for correcting for tropesium
distortion.
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it will be deflected away from the normal &t E, so that the deflecw
tion introduced is outwards at F amd inwards at E. A similar
argunent helds if the )
field at F is retard=-
ing instead of accele-
rating, The oppesing
deviations ef the beam
at P and E can now be
balanced by cerrect
shaping of the plates
and trapezium dister-
tion can be aveided.
The shaped and slstted
screen, which is
connected to the final
aneode and placed
between the X-and Y~

plates (Fig. 286) is Pig, 286 - Astigmatism produced

necessary; otherwise -
the equipotential lines by optical lems.

tend te bulge inte the

space between the Y=plates. This cerrection methed does net affect
the symmetry of the X-plates and balanced deflectien potentials may
be applied or alternatively either X-plate can be earthed.

With magnetic deflection, if the field due to & pair of
deflector coils is net uniferm acress the neck ef the CRT, the
distance the spot meves when on one side ef the screen will net be
the same as when it is en the other. Such #n arrangement will
produce & distortion similar in appesrance te trapezium distertien.

19. Deflection Defocusing

The speed of the electrens in the region ef the deflection
system depends upon the potential difference beiween the deflectien
system and the cathode., It is important thet this should remain
constant since & variation in speed would meve the focus eoff the
screen, If unbalanced veltages are applied to the deflecter plates
the mean potential of the deflection system dees net remain censtant
and defocusing may eccur, Thus if the focus is correctly sdjusted
at taoe centre of the screen it deteriorates &g the distance from
the centre increases. This phenemenon is called deflectien defocus=
ing and may be avoided by the use of balanced deflection veltages
or by magnetic deflection,

20, Astigmatic Distertion

In order to understand the meaning ef the word astigmatism
consider first the fecusing of an erdinary light beam by passage
through s convergent lens. (Fig. 286), If the lens is symmetrical
about the axis 0Z the ameunt of convergence is equally great in all
axial planes, and a sharp spot of light is produced in.the focal
plane., If the convergence is & maximum in the plane XX'Z and a
minimum 1n the plane YY'Z then the beam will be converged to & line
focus at two positions AA® and BB', these lines being in mutually
perpendicular directions., The best focus obtainable is at C where
the beem is converged to & circular focus, but of finite size. )
This type of defect often occurs in the lens of the eye and gives
rise to the defect of vision known as astigmatism. .

In & cathede ray tube it sometimes happens that the electric
lens is asymmetrical due to misaligmment of the electrode system
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in the tube. When this occurs it is found that manipulation of
the focusing contrel produces a sharp line on the screen in one er
other of twe perpendicular directicns, or a cirecle of finite size,
but never & small sharply defined spot. This fault is said to be
due te the presence of astigmatism in the tube,

Astigmatism can be corrected by having the mean potential
of each pair of deflector plates separately adjustable at a value’
other than that of‘the final anode. This mean potential of a pair
of plates should be independent of shift woltages and variable de-
flection voltages. Such an arrangement introduces deliberate dis-
tortion into the electric fields between the electrodes so as to
counterbalance the distorticn producing the astigmatism,

21. Bulb Charge and Deflector Plate Current

When the main electrons in the beam sirike the screen they
eject secondary electrens from it and it is these secondary elec=-
trons travelling toe the anode whicn meke the major conuribution te
the anede current, The potential of the screen becomes negative
to that of the anode by an amount sufficient to ensure that equili-
briun cenditions are set up, i.e. the rate at shich secondary elec—
trous leave the screen to go to the anode is tne same as the rate
of arrival of the primary electrons atv the screen., The potential
difference developed is of the erder of 100 wolts,

Wit some tubes the screen picture disappears if the glass
of the screen is touwhed. This minor defect iz due to the induc-
tion o3 & large negative charge ou the screen, sufficieni to repel
the beam electrons se that they never reach it. Phe picture will
reappear after & short time, working its way back Irom the edges
of the screen irnwards, as the charge leaxs awav.

The electrons returning from the screen should pass te the
fioal anode which is nermally at earth petential., If, hewever,
the steady potential ef a deflector plate is positive with respect
te earth, electrons are drawn te this plate. This effect may be
likened te the flow of grid current in the input circuit of a walve
smplifier (Chap. 9, Sec, 3). The non-linearity which is introduced
in either case by the flew of current does not produce appreciable
distertien unless the input resistance of the lefleciion system or
valve circuit s sufficiently small as to Le ccmparable with the
output resistance eof the source ef voliage.

Errers due to deflector plate current distortion can there-
fore be reduced by feeding the deflector plates from a source of low
sutput resistance, e.g. frem & cathode fellower., The electron
current drawn by the deflector plates can be minimised by construo=-
ting the electrodes in such & menner that the deflecter plates are
shielded by the final anode, er by arranging that the maximum poten-
tial applied to any deflector plate does not rise appreciably above
final anode potential (this latter method is not usually practicable)e

22, Jtrey Fields Leading to Distorsion

Alternating magnetic fields from components such as trans-
formers and chokes act en the electron beam ani may lead to an
oscillatory motion ef the spot so as to draw it out inte a line or
ellipse, The effect can be distinguished from normal defocusing
because it is net removed by alteration of the fecusing controls.
In some cases the earth's magnetic field may iatreduce a deflection
which varies in msgnitude and direction as the position of the tube
is changed relative to theearth's field. The usual way of over—
caming the effect of stray magnetic fields is to surround the tube
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with a mu-metal shield, If the shield is also earthed it protects
the beam from any stray electric fields which may be set up by nearby
apparatus, .

25 COMPARISON OF FOCUSING AND DEFLECTION SYSTEMS

For smell tubes with screens up fo about 5 in, in diameter,
it is usual to employ electrostatic focusing and electric deflection
systems.s This arrangement is convenient since it aveids the use of
deflection equipment outside the tube, If electric deflection is
used with larger tubes, involving high accelerating voltasges, it is
necessary to place the deflector plates of each pair close together
in order to obtain reasonable deflection sensitivity, However, if
the plates are too close together there is a danger thet the beam of
electrons will strike the edge of a plate before full deflection can
occur so that the beam will be cut off from the screen. This effect
cen be minimised by increasing the plate separation towards the
screen, but this arrangement has limitations and the method of
deflection by megnetic fields is probably preferable,

When magnetic deflection is used it is important that the
deflecting field, over the area of cross—section of the neck of the
tube, be uniform in order to avoid errors of defocusing. One wey of
ensuring that the field is as uniform as possible is to meke the
srea of cross—section as small as possible, If this is done it is
often convenient to use magnetostatic rather than electrostatic
focusing since the latter involves the insertion of a complex
electrode gystem inside the neck of the tube, There is always the
danger that the electrodes in an electrostatic focusing system may
be misaligned, 'This fault will give rdise to astigmatism whicn can
usuelly be corrected, but only at the expense of fairly complex
external circuits. A magnetostatic foecusing system can be adjusted
in position to avoid such astigmatism. However, it is not a simple
matter to adjust a foous coil in position sc as to be sure of
obtaining the best possible focus attainable, and in spite of the
possible disadventages outlined above electrostatic focusing systems
are often preferred.

2h. POST-DEFLECTOR ACCELERATION

To avoid the difficulty, inherent in the normsl hard tube,

of poor deflection sensgitivity, tubes are scmetimes used in which a
large part of the acceleration of the electrons takes place after they
have been deflected, It is then possible to arrange that the beam -
is deflected when at low velocity so as to iive a good deflection
sensitivity, and yet for the beam to have e large velocity when it
strikes the soreen so that a bright trace is obtained. A tube of
this type is shown in Fig. 287 and involves the use of an extra anode
in the form of a narrow ring of aquadag coating on the glass envelope

DEFLECTING
SYSTEM

G

ACCELERATING AND

FOCUSING ELECTRODES A

CONDUCTIVE COATING
POST~DEFLECTOR ANCCDE

Fig, 287 - Extra electrode assembly
for post-deflector accelerztion.
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Just before the screen. This anods is usually maintained at about
twice the potential of the last anods of the normal accelerating
pystem, This method of working is called Post-Deflector Acceleration.

25. DOUBLE-BRAM TUEE

This is a tube of speclal oconstruction in which the beam,
after leaving the finsl accelerating anode, impinges on the edge of a
splitting plate plated midway between the Y-pletes, The splitting
Plate 13 commmcted to the final anode which is at earth potential.
The besm is thus split into two sections (Fig, 288) each of which cen
be deflected almost independently in the Y-direction by voltages
spplied between ¥; and earth and X, snd earth. As might be expected,
the potentials applied to, say, the ! plate affect to some extent
the Y, trace end vioe versa, A posit:i.ve voltage at the Y;-plate
produces an upward deflection of the spot whilat at the Izaplate it

produces a downward deflection, Beth besms traverse the X-plates in
the usual way, and ere deflected simulteneouysly in the horizontel
direction. This tube is of particular use in an osaillograply where it
1s desired to exsmine two potentials simultamecusly,

i Y| TRACE
Y
—_—

Y; TRACE

SPLITTING PLATE

SPLIT BEAM

Fig. 288 ~ Electrode assembly to produce
double {or split) beem.

It is possible by the use of external circuits to produoce
& double trece on en ordinrary tube, Here the Xumovement of the
spot is made to occur successively first across, say, the lower half
of the sereen, and then across the upper. In this cese corresponding
verticel ‘displacements on the two treoces do not ocour simulteneously.

POWER SUPPLIES AND SHIFT NETWORKS
26, Generasl

Steady potentials are required for the various electrodes
of & cathode ray tube, Thus, for a three~anode tube with electro-
static focusing, steady potentials are needed at the cathode, grid
and the three anodes, A tube with magnetostatic focusing normally
requires steady potentials for cathode, grid and one anode, and elso
a supply of direct current for the foous coil. Electric deflectlon
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involves steady potentials for use as shift wvoltages so that the
victure traced on the CRT screen may start from a convenient point.
Hagnetic deflection needs direct currents for producing shifts,

27. Power Supplies

The power supply for an electrostatically focused tube
should be capable of supplying high voltages of the order of 5000
volts for a large tube, but need supply only a amall current, The
total load current taken by the (BT is usuelly less than & mA.
Hol.f-wave rectification is therefore all that is necessary, and the
gmoothing circuit of the power wnit can employ & resistor, rather
than a choke, The high voltages required for the larger (RTs may be
obtained by means of voltage-~doubler circuits.

3rd ANODE Q= _L 18

2nd ANODE FOCUS J-
k L AC
Ist ANODE O=fi - SUPPLY
CATHODE i
GRID l
BRILLIANCE

NEGATIVE LINE

. | |

Fig. 289 - Supply circuit for three-snode CRT.

It is advisable to have condensers across all points of
supply which are connected to the tube, otherwise a voltage ripole on
the supply might be commmicated to the electrodes so as to cause
variations in brillisnce or foocus of the traces A typical supply
circuit, suitable for a three-anode electrostatically focused CRT
(or for the anode, cathode and grid of a tube with magnetostatic
focusing) is shown in Fig. 289.

As shown in Fig, 289 the third anode is at earth potentiel
whilst all other electrodes shown are at negative potentials, This
is because the deflector plates in a tube with electric deflection
are connected to circuits in which it is convenient (but not essential)
to hawe them at or about earth potential. In order to avoid strong
electric fields between these plates and the final anode, this snode
itself must be at earth potential,

Arnother reagon for esrthing the final anode is that the
potentisl of the fluorescent screen is usually about 30 to 100 volts
negative with respect to that of the final smode, If the cethode
is earthed the screen is thereby maintained several hundreds or
thousands of volts above earth so that strong electrostatic fields
mey exist between the screen and neighbouring conductors. This can
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result in extraneous deflections of the spot if these conductors are
moved, If the anode is earthed the cathode and its associated
heating circuit must be well insulated fram earth.

28. Shift Voltage for Electric Deflection Systems

The shift voltages are usually, but not always, applied to
a peir of plates so that the mean potentisl of these two plates is
the same as that of the final anode of the tube, This arrangement
avoids trapezium and defocusing distortions, provided that any
fluctuating voltages applied to the plates are also balanced, The
shify voltages may be obtained either fram the power supply which
provides steady potentials to other electrodes of the tube (Pig,
250) or from a separste power supply. One deflector plate of a
peir is slways maintained as much positive, .compared to the final
anode potential, as the other is negative, s0 that the mean potential
of the pair of plates is that of the final anode., Condensers C
bypaess to earth any ripple on the shift voltage supplies,

POSITIVE LINE

i(‘ R K

. UPPLY
NEGATIVE POTL S

3r0ANODE  O=—iiv-
200 ANODE  O—— 2222y
1st ANODE G—dlt
CATHODE O———————m

BRILLIANCE

GRID

NOTE =
THE TWO TAPPINGS ON THE SHIFT NEGATIVE LINE

NET -WORK ARE GANGED,SO THAT
AS ONE MOVES UP THE OTHER
MOVES DOWN.

Fig., 290 ~ Supply for &I showing
production of shift voltages.

Bach deflector plate must be comnected, ususally through a
resistance of about two megomms (R and part of Rl in Fig. 290) to
the final apode (earth povential); this oonnection fixes the mean
level of the deflector plates and is anelogous 4o the use of a
grid leak for determining the bias level in a valve smplifier cirecuit,.
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It is
cemmon in radar
applications,
invelving the use
of large CRTs te
adjust the mesan
potential ef each
pair eof plates
with respect te
the anede so that
astigmatic dis~-
tortion may be
¢liminated, The
mechanism which
provides this
adjustment is
called the Stig
Centrel. A
methed is shewn
in Fig, 291.

A separate
similar arrange~
ment provides
shift veltages
and astigmatie
correctien fer

Chap,6, Seot.28

POSITIVE

SUPPLY

J}PEGATIVE

AAA
BAA A

AAA

A AAA
YYYY VVVYV V¥YV¥VYY

<
P>

UINE

Fig, 291 = Supply network showing
Y shift and Y stig, oontrol.

‘the X~-plates. In the figure, Ro and R3 are similar variable resise
ters forming the Stig Centrel se ganged that as Ry is decreased in
value R3 is increased by the same smeunt, snd vice versa. Thus, the
mean value of the potential on a pair ef plates is raised er lewered
above er belew earth petential (final anode petential).

A
simple type ef
shif't netwerk
which is some-
times used with
smll CRTs is
shown in Fig.
292- Here n»
attempt is
made te keep
the mean
petential ef
the deflecter
plates the same
as that ef the
anode, ner is
any attempt
made te cerrect’
for astigmatism.
It is alse
assumed that the
pever supply is
being used fer
other sectiens
of radar equip-
ment, aethat it
is cenvenient
to earth its
negative line.

Yy
X1 Xz}—-!
.

|  posITivVE
X' SHIFT LINE
R
> “,r
> Y SHIFT
‘N"'
>
R

SUPPLY
3ro. ANODE ©
2n0. ANODE O
lst. ANODE O~
CATHODE O—
GRID ©
= NEGATIVE
¥ LINE

Fige 292 = Shift network for CRT with
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29. Shift Current for Magnetic Deflection Systems

A direct
current through the -
deflector coils is oNTROL
necessary te obtain M
shift when masgnetic
deflectien is used
en & CRT, In most
applicatiens it is
net essential that
the shift sheuld
be made te work both

ways and a simple == B
a;mngement such. ; PAIR OF AUXILIARY :
a9 is shown in Fig. DEFLECTOR COWLS

293 is adequate,

--1H

Fig. 293 ~ shift control for
megnetic deflection.

INPUT CIRCUITS
30, Input Circuits to Deflector Plates

The arrangements for applying input veltages to the deflec-
tor plates depends on the source of the input, and en whether shift
voltages are alse required. An invariable rule is that the mean
petential of each pair of plates
must be near that ef the final
anede. Pig. 294 shows a simple
arrangement with no shift volt-
ages; C isolates plate Y from

any steady veltage (which weuld { i v

produce shift) in the input INPUT :

supply, whilst resister R (1 to i v,

-2 megohms) prevides a path back 4

te the finel anede fer electrons ‘ -

cellected by Y] from the beam, -(USUAL‘L‘$‘°2$ ’Em,,)
POTENTIAL

Since in the absence of
deflecter plate current the
resistance between a pair of Mg, 294 - Input circuit to
deflecter plates is ef the order deflector plates.
of 20 megelms, the effective
lead across which the input is
C3weloped is R (1 te 2 megomms).
The fact that the CRT has such a high input resistance is of imper-
tance since ‘it means that its cennectien acress a circquit dees net
usually disturb the cenditions ef that circuit appreciably. The
inter-plate capscitance, ef the erder of 20 te 50 pF, is, however,
shunted acress the circuit supplying the plates and may cause a
distinct medificatien eof the input veltage.

If it is desired te apply both shift and work (input) voltages
te one plate the circuit ef Fig., 295 may be used. The resistor
R is taken te the shift voltage tapping instead of directly te the
enode. 4 bypasses to ancde, and so to earth, any ripple that
there might be en the shift supply; the tapping on the shift slider
is, therefere, at a constant potential. Thus, R is the effective
load on the input source acress which the werk voltages are

develeped.
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Fig. 296
shows the arrange-
ment whereby a
work and shift
voltage can be
applied te one
deflecteor plate
and an equwl and
opposite werk
and shif't veoltage

+VE WRT ANODE 3

SHIFT VOLTAGE
SUPPLY

-VE WRT ANODE 3

can be applied i
to the other il A7
plate. Such é | Ir0 ANODE
(USUALLY AT EARTH
= POTENTIAL)

an arrangement
maintains the
mean poten—

tial of .
at a value and work volteges are applied 4o
alwyas equal ssme plate,

to that of

the anede, and so aveids trapezium and deflection defocusing of
the trace, A similar circuit allews twe distinct inputs te be
applied simultaneously, when the resultant deflectien will be at
any instant propertional to the difference of the two input
veltages.

C POSITIVE

LINE
—0

SHIFT SUPPLY
VOLTAGE

3go0.

INPUT 1 m t

Ya
L ]
INPUT2 A A

— « NEG.LINE | |
>
%

Fige 296 -~ Imput circuit for balanoced
input and deflection vcltages.

31l. Input Circuitste Grid and Cathode

It freguently happens that it is desired te black-eut.the
spot of light en the screen of & CRT during seme portien ef its
work cycle. Fer example; when a trace is being moved te and freo
acress the screen it may be necessary te eliminate the fly-back so
as to prevent its ebscuring the ferward trace. Alternatively, it
mey be necessary te brighten the spot over seme pertien of the
trace (intensity medulatien), These effects can be secured by
applying a pulse of voltage te the grid (er cathede)s A rise of
potential at the grid er a fall ef pstential at the cathode
increases the brilliance.

Fig. 297 shows hew the additienal pesitive er negative

pulses may be applied to the grid and cathede ef the CRT. R;!_ is
the load across which the grid input veltage is developed, whilst
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CATHODE I

INPUT VOLTAGE

Chap.6, Sect,31

POSITIVE LINE

o »
GRID_INPUT

VOLTAGE

-
v

R R
2 i D C SUPPLY

-Lcii
-
T

BRILLIANCE

Ca

NEGATIVE LINE

Fige 297 = Combined grid and cathode

R, is the lead
across which &
cathede input
veltege would be
2pplied., Cp and
C2 bypass %

ripple en the
supply wvoltage

and ensure that

one end ef each

of the resisters
Ry and Rp is at

2 steady peten-
tial. Fig. 298
shews the circuit
arrangement if
pulses are te be
applied te the grid
alene, while Fig.
299 shews the
arrangement if
pulses are to be
applied te the cat-
hede alene, These
circuits ere in
cezmon use in radar
equipwents. In
each cage the cen-
denser C must be
capable of with-
standing & high vol=-
tage, since one
plate is nermally
cennected te & large
nesative potential
(petential of grid
or catheds) whilst
the ether plate (te
which the pulses
are applied) ia
usually at & small
pesitive petential,

input cirecuits.

C

GRID  o—F}

INPUT

VOLTAGE i

b.C.
SUPPLY

{ | = Cr
i BRILLIANCE
J Cz

T

ot

NEGATIVE LINE

Fige 298 = Grid input circuit.

POSITIVE LINE

CATHQDE

INPUT VOLTAGE R
2 D C SUPPLY

C4

BRILLIANCE

CZT

NEGATIVE LINE

Fig, 299 - Cathode input circuit.
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HARD VALVES
32. Intrdduction

In the following sections are discussed scme of the special
problems which apply to the use of hard valves in circuits peculiar to
radar, as distinect from conventional radio circuits. No attempt will
be made to describe the more normal uses of walves, which are ade-
quately dealt with in other works.

33+ Power Valves for Radar Transmitters

In radar systems which transmit pulses of short duration, of
the order of a microsecond, at intervals of about one millisecond, the
problem of power conversion is somewhat different from that which
arises in conventional radic transmission, The transmitting valve,
whether a triode such as might be used at 50 Mc/s., or a centimetric
oscillator, such as a magnetron, is required to emit high-voltage
pulses which, if they were allowed to last for more than a few micro-
seconds, would rapidly destroy the valve due to excessive anode dissi-
pation and consequent overheating. Cwing, however, io the relatively
long quiescent interval between pulses, the valve is able to recover
fron ite temporerily overworked condition. 1In this way power valves
may be used without particularly elabarate cocling systems, at voltages
far above their ordinary OW rating. Such a valve must have a very
high emissivity, and therefore a large cathode, compared with that of &

radio transmitting valve, to generate adequate peak currents, The
anode, however, need not be unduly large, end eir-cooling is usually
employed. In some cases the anode takes the form of a brass bloc: which
is cooled by air pumped through cooling ducts., In cthers, fins in a
current of cool air provide sufficiently rapid heat dissipation.

The precautions ususl in high-frequency circuits must be taken

in the construction of the wezives, Electrode leads must be kept as
short as possible and inter-elcctrode capacitances reduced to a minimum,
Acorn and Door-Enob valves have been designed to meet these require-~
ments, and may be employed as radar {ranmiiting or receiving valves at
frequencies up to about 600 Mo/s. Above this frequency special types
of tranmitting velves must be used in which the tuned clrcuits form an
integral part of the valve itself; examples of these are given in
Chap, 8 Sec. 17 . The limitations of conventional valves at high

frequencies are further discussed in Chep., 7 Secs. 24 and 25,

3he Suppressor-Grid Characteristiocs

In many radar contrel and generating circudts mulil-eiectrode
valves sre employed under conditions not normelly encountered in ocon~
ventional radio practice. In particuler the use of the suppressor
grid of a pentode as a comtrol electrode is ccumon. A brief dee-
criptien is given below of some of the effectz of varying the suppressor-

md potential-

Since the suppressor grid was originally introduced between
screen grid and anode to eliminate the well-knovm kink in the Ia - Va

characteristics of a tetrede it is to be expected that if the poten-
tial of the suppressor grid is raised substantislly above that of the
cathcde the kink in these curves will reeppear. This does, in fact,
happen, and if the suppressor grid is not held st a low potential the
valve aots like a tetrode. Over the region of ®"negative slope resis-
tance" an increase in anode voltege causes a decrease in anode current-
and an increase in screen current.
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If the suppressor grid is made negative with respect to cathode
the anode and screen~grid currents are usually very much affected. A
reduction in the suppressor-grid potential, making it more negative,
increases the potential barrier between screen grid and anode, reduces
ths anode current and increases that of the screen. Normally the
suppressor grid must be wmade very negstive before the anode curremt is
completely cut off, For most RF pentodes with potentials at the anode
and screen grid of a few hundred velts the suppressor grid must be
made frem 50 - 100 volts negative to cathode before anode current is
cut off. Some valves have been specially comstructed with closely
wound suppressor grid wires, so that cut-off of the snode current
occurs for only a few volts of negative bias on the suppressor. These
valves may be especially suitable for use as Gate Valves or in Tran-
sitron escillators or relays.

In a Gate Valve signal voltages are usually applied to the
oentrol grid, whilst gating pulses are applied to the suppresser grid
or some other electrode. Generally the suppressor grid is held at a
negative potential, sufficient to cut off amode current. Positive-
going pulaes are applied, raising the suppressor-grid voltage suffi-
ciently to allow anode current to flew (provided the comtrol grid is
above cut-off potential). Thus enly those signals are sffective which
appear at the control grid dwring the intervels of the positive-going
pulses at the suppresser.

In the Transitron cirouits use is made of the effect of the
suppresser grid on the screen curremt. (See Chap.10, Sect.5).

Fig. 300 shows characteristics of two valves CV1065
and V1091, operating under the cenditions shown in Fig., 301. In both
cases the screen-grid woltage is seen to depend on that of the suppres-
sor grid in & curious meymer, Consider the curve marked ABCD in
Fig. 300. From A to B the suppresser-grid veltage ia below the level
sufficient to cut off amode curremnt, and there is little change in
screen cwrent as the suppressor voltage is varied over this region.
At B anode current begins to flow, and for the regien B to C an
incresse in suppresser potential increases I, and decreases the

screen current I,, so that the screen veltage rises,

From C to D the screen cwrrent increases, as the suppresser
voltage rises, probably due to secondary emission from the anode.

As indicated in the diagrams. this portion of the screen-
voltage, suppressor-voltage characteristic is very promounced
for low velues of anode potential only and corresponds to the kink
which iz introduced in the I, - V, characteristic of the pentode, due

t0 the positive suppressor-grid voltage, Some secondary emission
elso occurs frem the suppressor, and if the voltage at this electrode
is raised for a shert interval sufficiently far above cathode potential
racondary emission may fellow at such a rate as to cause the suppreasor
grid to remsin at a high potential, if the path comnectling it to the
eathode is not of very low resiastance.

If screen and suppresser grids are connected by a condenser,
a8 in transitron circuits, the region BC of the above ourve corresponds
to a region of regeneration. An luorease in potential at the
suppressor causes an increase in smnode current and a decrease in
sareen current, so that the screen veltage rises. Due to the coup-
ling condenser, the suppressor grid woltage rises still further, and
the action is cumulative, Over the region (D, the action is de-
generative,
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SOFT_VALVES

35. Sumary on the effect of gas in valves

If gas at a low pressure is present in a valve it has o
appreciable effect on the characteristics so long as the slectrons are
wmoving in the valve so slowly that they camnot lonise it. If, how-
ever, the anode potential is gradually increased, and the electron
velocity thereby increased also, a potentisl will be reached at which
the ges is ionised so that same molecules are split into elegtrons and
(relstively) heavy positive ions.

If the potential difference between anode and cathode is
greater than s critical value, called the Ionisatisn Petential for the
ges, the electrons can just acquire the requisite speed, during the
intervals between collisions with gas molecules, to maintain the
vapour on an ionised state.

As soon as ionisstion occurs the space-charge distribution in
the valve is profoundly modified. The electron: emitted by bombard-
ment Join the stream of primary electrons snd travel repidly towards
the snode; the heavier, and therefore more slowly moving, positive
ions travel towards the cathode where they neutrslise the electron
space=charge,

It will be recslled that in a hard diode walve, fer =mall
snode potentiala, the presence of space charge is the only factor
preventing the tetel emission current reaching the snode. As soon,
therefore, as the positive ions neutralise the spase-~charge the full
emission current reaches the anode, although the anode petentisl may
be considerably below that required to produoce satiration in the
absence of jonisations The effzct is illustrated in the dlode
charscteristics of Fig., 302 in which the curve a, », 0, d, represents
the behaviour of a hard hot-cathade valve, and a, b, e, d, that of &
similarly constructed velve centaining gas at low pressure. For
anode potentiels less then V, there is no ionisation and for both
valves the current is space-cherge limited, For potentials greater
than V. the gas in the soft valve ionises, the space charge is
ncntrnfised and the full emission current I, flews,

Soft valves
may have considerabls \
variation in design,
but may be classified A . )
under three general fa pomm-mmoy 7 —
headinga:~ a

(1) oo1a ,
Cathode .
Diode ’
Valves S

(41) Hot e
Cathode 4
Diede a Vg
¥alves Ve

(1ii) Hot '
Cathode Pig. 302 = Effect of gas on diode
Triode characteristic,

Valves.
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Other types of soft walves such as Spark Gaps and Soft Rhmmbatrons
are of special application in radsr systems.

36, Cold Cathode Gas Diode

In this type of valve inert gas is present at low pressure,
In the normal stete the molecules are electrically neutrsl and no
current flows. As the potential difference between anode and cathode
is increased a degree of polarisation of the gas molecules will be
set up, and ultimately the Striking Voltage is reached at which
ionisation is initiated. This process mey be furtner complicated
vy extransous irradiation, such as ultra~violet radiation, and
as a result the striking voltage is not in general clearly defined.

The striking veltage, normally about 120 volts, is always
greater than the ionisation potentisl, and corresponds to the "flash-
over point" or breakdown of the gas dielectric, Once the velve has
struck its subsequent behaviour is similer to that of a hot-cathode
diode,

The gas will remain ionised until the current is reduced
below a value called the Extinction Current., Provided the anode
cwrent 15 greater than this value the anode-cathode voltage remains
constant at approximstely the ionization potential of the gas.

This is called the Extinction Voltage.

This valve has use as a HT stebilising device since, once
it has struck, its snode-cathode valtege is stabilised at the value
of the extinction voltage.

The tube may also be used as the discharge element in simple
forms of time-base clrcuits, but its use in this application is
limited by the relatively suall separatien, sbout 30 volts, between
extinetion and striking voliages, and also by the unocertainty in
the valus of the striking woltage noted above,

The Stabilovolt, which is discussed in Chap. 19 Sect. 10
development of the principle outlined above, Pe 19 Seo »ise

37+ Hot Gathode Gas Diode

In general this type of valve contains mercury vepour at a
pressure of about 10”5 mm. of mercury. A small amount of liquid
mercury is present in the tube at room tempersture and this is vapo-
rised when the temperature is raised by the application of heater
voltage, so that the requisite vapour pressure is produced., This
velve is commonly employed for power rectification due to its large
current-carrying capacity. Since in this case tne onset of
1onisation depends on the electren cwrrent emitted by the hov
cathode the uncertainty in the velue of the striking voltage is largely
eliminated. The separatien of siriking and extinction voltages is
extremely small, If an attempt is made to raise the voltage above
its extinction value while the gas is ionised the cathode will be
demaged by positive ion bombardment, For this reason a limiting
resistor is nomally included in series with the valve to ensure that
the voltage across the valve does not exceed a safe value,

The performance of this valve depends very considerably on
temperature since this affects the vapour pressure of the mercury and
therefore the probability of collisons occurring between electrons
and molecules so a8 to cause ionisation.
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38. Bot Cathode Gas Triode

This type of valve is nommally termed a Thyratron, although
sctually this word is a trude name for hot-cathode mercury triodes
made by one manufacturer.

A grid is introduced to provids control over the striking
voltage; this grid has no control over the extinction voltage. 1In
the absence of ionisation the effect of the grid voltage on the anode
current is similar to that for a hard triode valve, TFor a given
grid voltage, negative to cathode, the anode voltage must be raised
above a certain valus, the cut-off value V,, before anode current
flows. This will not cause ionisation wmless V, is greater than

the ionisation potential V.. Hence, ionisation will not be initiated

for a given grid wvoltage unless the anode voltige is raised above the
greater of the two voltages, V, and Vg, Figs 303 shows the I, -V,

characteristic for a typical gas-filled triode at zero bias; i.e.,
with Y, = O. '

Alternatively if the anode voltage be at a value greater thsn
Vg then there is a critioal voltage for the grid below which ioniszation

will not e initiated. This grid control can be made exceedingly
sensitive By a suitadble design of the electrode assembly,

Once ionisation ocours, variation of the negative potential of the grid
has little effect on the space current, since positive ions are attracted to,
and surround, the grid so that the electrostatic effect of this electrode is
neutralised. The grid therefore loses control until De-ionsation (Recombination)
takes place, which can occur only as a result of lowering of the asnode potential
below the extinction value; in short, after ionisation occurs, the peformance
is identical with that of a hot cathode diode. The de-ionisation time
(10 to0 1,000 micro~
seconds) depends on
the electrode~
potentials and, in
general, may be
shortened by the
application of a
negative potential
40 the anode; such
a practice, however, La(mA)
nay apprecilably
shorten the life of (54
the velve, as positive ion
bomberdment ensues, with 1o
consequent spattering of
anode materisl, For 054 STRIKING
this reason the .
appliocation of large ° %
negative anodes voltages 1012 14 16 18 20 22
is usually avoided.

Ve (voLTs)

It will thus be
seen that by making the Mg, 303 - Characteristic of typiecal
grid voltage sufficiently  hot-cathode triode with Argon gas
negative a wide difference filling, at zero bias.
between atriking and .
extinction voltage can
easily be achieved.
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As mentioned previously, the lower is the anode potential
the higher the grid potential needs to e in order that ionisation
moy occur. The Striking Charecteristic of a thyratren is shewn in
Fige 304. It is seen that over a lerge portion of the characteristioc
the ratie of the increase of anode voltage needed to initiate ioni-
sation to the corresponding cheange of grid voltage is almost constant.
This ratio is imown as the Control Ratie and is of the order of 20
to 100,

The grid va (vaLte)

3

loses control of 3200
the wvelve current
once the are has

started, but its 2800
potential is edc age \20¢c.
importent sinoce 2400

this electrede nay
draw appreciable
current, If the
grid is st a
positive potential F 1600
it collects
electrons and the L 1200
value of this grid
current rises
rapidly with grid 800
potentisl. If,
however, the grid 400
is at a negative
potential it v
cnllects positive (vou%)‘—lz | M09 B -7 b <5 -4 3 2 -I O

ions, and this

reverss grid

current tends to ¥ig. 304 - Striking cheracteristics of a
:::"111’ &ﬁm typioal mercury-filled triode for

with ohange of different tamperatures.

grid potential (Fig. 305). Sinoe large grid-curremt flow is possible
for relatively lew valusa of grid veltage it is advisable te include a
limiting resistor in series with the grid sov that the grid is mainteined
at spproximetely sere potential.

Gas triodes are very sasily damaged if ‘they are allewed te
pass very large owrrents., If the valve cxrent is allewed to reach
the value of the emissien current, it mesns that there is no eleciromic
space chsrge left at the cathode, and therefere no protection of the
cathode gurface fram positive ien bembarduent, This valve current may
be limited by inserting a resister in series with the valve.

The gas used in such triedes is either mercury vapewr or one
of the inert gases such as nesn, argen, helium er hydrogen, or scms
" mixture of these., In the mercury vapeur wvilve, liquid mercury is
normally present with the vapour, se that chsnges in temperature alter
the smount of wvapour sent and henoe the epersting characteristics
of the valve (Pig. 30;). In valves filled with neon or one of the
other gases the quantity of gas remsins constsat and the lenisation
is therefore hardly affected By changes of “temperature, within wide
limits., In such velwves, however, there is an absorption of gas by
the electiredes which causes a chenge in the gas pressure, and it is this
factor, in the main, which determines the working life of hydrogen filled valves.

Becausge of its adaptability, Being usable over a wide range of
striking voltages, the hot-cathode triocde is employed in many types
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of circuite where relatively lsrge currents are required. For very

high powers, however, the asise of the velve which is necessary and the
comparatively elaborate construction have resulted in such valves being
superseded by spark gap or ignitrons. One of the chief disadvantages of large
tkyratrens is the delay involved in heating the valve to the correct
temperature so that the mercury vapour pressure is at the operating

walue, This usually involves the use of a thermostat which in-

corporates a cooling, as well as a heating device, sinoe ¢overheating

may osuse erratic operation.

39 Spark Geps

It is sometimes necesssary to arrsnge a circult so that a
switch is closed ,when the potentisl acress its terminals reaches a
certain high value. This process is convenlently carried out by
putting & spark gap between the terminals. As in the case of the
cold cathede diode, when the potemtial reaches the value of the -
striking veltage the gap conducts, and while it is condueting its
resistance is very small. VWhen the potential ias remeved the spark is

shed af'‘ter a period of de-ionisation and a high peotential can
again be built up befere the gap once more conducta. This principls
is uged in the obselescent spark telegraphy.

Spark gaps are used in radar for switching 2&.} in high-power
modulators which employ & pulse-ferming network and (b) in ocomsen T/R
systems (where the same aerial is used for both transmissien snd
reception).

In moduleting circuits it is usually required that the spark
should oceur at precisely regular intervals. It is therefore more
satisfactory net to control the operation by allowing the voltage
across the main eleotredes to reach its releatively warisble striking
veltage, but to initiate the ienisation wy the use of a control
electrode, whose function is similer to that of the grid of a thyratron.
The spark between the main electrodes is struck by the application of
pulses of high veltage, but net necessarily of high power, between a
third electrode and one of the two main eleotreodes. Spark gaps
which operate on this principle are knewn as Triggered Spark Gaps,
and the third electrode is termed the Trigger Electrode. The
triggering pulses, since they need not be of high pewer, can be
readily developed by circuits using nermsl hard valves.

Alternatively, the distanoce between the main electrodes can
be varied in a cyocliocsl manner so that they approach each other
sufficiently closely for the spark te strike at the required instants.
Rotary Spark Gaps eperats en this prineciple,

The chief advantages of spark gaps ocmpared with hot cathode
valves of comparable dimensions sre their robustness and high power-
handling cepacity. The principal disadvantege of spark gaps is their
inflexidility, sinee for a gap of given dimensions the striking voltage
cannot ve adjusted. In such a case the design of the modulator is
largely determined by the charaeteristics of the spark gap used.

40. The Triggered Spark Gap

This type of spark gap consists essentially of three electrodes;
in its commonest form, the two mein electrodes take the form of hemi-
sphericel caps and the trigger electrode is a wire the end of which
protrudes through an aperture in one of the main electrodes. A common
construction is illustrated in Fig.306. Here the main electrode A is
comnected to a metal cylinder B surrounding the trigger electrcde T
and separated from it by glass insulation G.
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In normal use the
spacing between A and C

should be such that a spark e
does not strike between

these electrodes, even 40
when the maximum potentiel 30

difference between them
is reached, unless ieni-
setion is initisted by

20
[1¢4

the application of a e T T S0 L2, VgGours)
triggering voltage between Tq = 200mA / 20
A end T. The pessibility Ia = 300mA o

that sparking may occur
between 4 and C before it
is required is reduced by ~40
gshaping A and C in such

a manner that high field Fig, 305 - Grid ocuxrent

concentrations are aveided -
at the surface of these charazteristics of a typicai
electrodes, A spark thyratron,

botween A snd C is extinguished when the voltage develeped between
these two electredes falls to a low level, the value of which is detexr-
mined by the ionisation petential of the gas in the gap.

The mammer in
which the triggering
voltage has effect in
initiating the striking
of the spark between A
snd C is not alweys
clear, but tw dig-

tinot modees of operation G N 3 W

are possible, depending T: LA

to some extent on the o W
design of the spark gap <

and te a larger extent f ‘\

on the relative polari- 8 A &

ties of the applied

potentials. It is

usual for the electrede

A to be earthed, aince

this permits the circuit Pig, 306 - Eleotrode assembly of
producing the trigger triggered spark gap (not to scale).
pulse to operate near

earth potential, The

two possible modes of

operation are :~

(i) The triggering veltage aepplied between A and T caunses a
breakdown of the maall gap between theae eleotredes and
the light emitted by the resultant discharge causes
jonisation of the molecules in the main gap AC (possibly
there is alse scme drift of ions into the main gap)
and so initiates the main spark. In general this fom
of dischargs is more likely to occur if the potential
applied to the trigger electrode is of the same polarity
as that of electrode C.

(41) If the potemtisl applied to the triggering electrode is
of eppoaite polarity to that of the electrode C, the
potential difference Detween these electrodes is the sum
of the magnitudes of their potentials and sinoe in
addition there is a high conoentration of field and
possibly a corona discharge at the point of T, a spark
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is likely to atrike between T and C. As soon as this
occurs a large owrrent flows between T and C causing
the potential of T to reach much the ssme value as that
of C, the actual potential acquired by T depending en
the relative impedances of the input circuit to T and
the output circuit frem C. The potential difference
between T and A is then normally large encugh to break
down the gap between these two eleotredes, The dis~
charge path between A and C is then completed., It is
assumed here that the magnitude of the initial triggere
ing voltage is not lerge enough to give rise to a
discharge between T and A.

The mode of cperation (1i) has the advantage that the triggering volt-
age neossssry to initiste the maln spark can be smaller in value than
that required in cese (i). The position of the insulator G, separatw
ing T and A has some bearing en the wvalue of the voltage required to
trigger spark gaps operated by the mechanisu (i), If the insulater is
fairly nesr the front of the eleatrode A it considerably reduces the
neeessaxy triggering wltage, probably due to tracking of the discharge
aleng its surface, Again, for this type of operation, in erder to
produce efficient irradiation of the melin gap by the triggering dis~
charge it ig desirsble that this takes place between the trigger
slectrode -and the front edge of A, Oonsequently, the frent edge
of A should be made sharp.

The aotion of triggering a three eleotrode spark gap normelly
results in jitter, i,e,, & randem fluetuation in time interval, be-
tween the application of a triggering pulse and the instant at which
spark diseharge eccurs. This Jitter often may result from random
varistions in conditions of ionisetion in the gsp, resulting in a
ohange of the wvalue of impressed voltage necesssry to oause the gap
to strike, Therefaore, sinoce a trigger veltage must take a finite
time te build up, Jitter will result, Jitter due to this cause may
thus be reduced if the triggering voltage can bde arranged to build wp
to the aritical value very rapidly, and this can most easily be
achieved By providing a triggering weltage much larger than the minimum
aritiosl value needed to fire the gap. On the other hand it is
clearly desirable from the stand-point of the design of the trigger-
producing cireuit that the trigger woltage to be produced sheuld be no
greater than necessary. In practioce, a certalin smount of residual
ionisation remains between successive arcings and it is necessary to
have a higher triggering voltage to break-down the main gap at first
than subsequently. If the triggering voltage is made just large encugh
to trigger off the first spark in the main gap, it is sufficiently
above the minimum voltage nscessary for triggering subsequent spsrks
to ensure that only a small smount of Jitter occurs.

Since there is saymmetry of the electrodes of the spark gap
there is reason to expect that the amount of jitter depends on which of
the two maln electrodes is used as the anode. Experience shows that
in most radar equipments the more reliable operation of the spark gsp,
from the point of view of accurate timing, occurs if the electrodes A
and C serve respectively as anode and cathode of the main discharge.

There is a tendency for the main gap to break down, at voli~
ages lower than expeoted from the separation of the main electrodes,
vefore the trigger voltage is applied. This effect is probably due
to excess of ionisation remasining from a previous spark, and its
incidence limits the recurrence frequency, The possibility of this
premature sparking is much less if the value or duration of the spark
current is reduced, and if it is possible to remove the residual
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products of the previous spark by, say, blowing air into the gap, This
of course precludes the possibility of enclosing the spark-gap structure.
De-ionisation time is elso affected by the type of gas in which the
spark is produced.

Triggered spsrk gaps eperate very well in air at atmospheric
pressure provided they are not enclosed, If they are enclosed, their
life may be fairly short. This is probsbly due to the produotion of
nitrogen peroxide by the discharge. The presence of this gas in the
gep increases its sparking potential and makes it inoperative at its
previous potential ratings.

Although it is generslly not necessary for a spark gap t6 be
enclosed in an airtight envelope if it is salways to e used on the
ground, for airbornme use such an envelope (usually glass) is desirable,
due to the variation of pressure with height.

It appears necesssry, in erder that the de~ienlzation time
be sufficiently rapid, for the gas in which the spark is struck teo
contain a certain amount of oxygen, which has the property of promoting
rapid de~ionisation, Various mixtures of gases are suitable, two of
which are: one, a mixrture containing 90% nitrogen end 10% oxygen at
atmospheric pressure, and the other a mixture of 97% argon and 3%
oxygen at three atmospheres pressure,

The life of an emclosed gep depends largely on the rate at
which the oxygen in the gap is used up either by oxidation of the
electrodes or by combination with the other gases present in the case
of the air-filied gap. Also the electrodes are liable to wear both
by oxidation and by sputtering in the spark. In order teo reduce the
wear they are usually made of molybdenum or tungsten.

41. The Rotary Spark Gep

In this form of spark
gep the electrodes are generally
fixed, and a metallie arm is' Roy,
rotated betwesen them at a s

uniform speed by means of an
electric moter, The axis of
rotation of the moving arm
cuts the line Joining the
electrodes midwway between
them, so that in one pesition
the two ends of thls arm

just clear the respective
electrodes simultaneously
(Pig. 307)e Then the retat-
ing arm reaches soms such

AXIs OF
R O TATION

U>

g
C
Q

Fige. 307 = Electrode
assambly of rotary spark
82D

position as that shown in
the figure then a spark
strikes between A and P and between C and Q, foming a conducting path
frem A to G; i.e., the switch whose terminals are A and C is closed,
The spark is extinguished when the voltage driving current through the
switch falls to & low valus, and not, in genersl, because the movement
of the metallic arm has caused an inereass in the spacings AP and .
In normel operation the required duratien of the spark is of the ordexr
of 1 microsecond, in which time the metallic sam does not move
appreciably,.

The recurrence freguencay of the spark is twioe the frequency
of rotation if a single srm is used, Howewer, this frequency is

increased if there is more than ene arm, Thus, with a retating spark
gop of the form shown in Fig, 308 the recurrence frequency of the

328



Chap.6, Secte.i

spark is four times the frequency
of rotatien of the ams, so that
if the moter driving the

. rotating electrede has a rating
of 6000 repems,, the spark recure
rence frequency is LOQ per

second. Recurrence rates as QXS oF L,
high es 2500 per second have o,
been obtained, \\

If there is more than D a

ons pair of fixed electreodes
srranged round the circum-
ference of a circle, and more
then one arm, it is possible
to provide a mumber of sparke

gwitches whose times of .
;"Ja.gsing are synchronin;. Fige 308 -~ Double arm rotary
An srrangement such as this sperk gape
is required fer the Marx
circuit, (Chap. 14 Sec. 38).

The closeness with which two electrodes have to spproach
before a spark strikes, if there iz a potentisl difference between
them, is rather erratioc, and veries alightly in this form of a spark
gap for successive strikings of the spark., Consequently, there is a
slight veriation in the time interwal between successive sparks,
This Jjitter is smaller the larger iz the radius from the axis of
rotation to the point &t which the spark is struck, since then the
circunference coversd by the moving erm between successive strikings
of the spark is lerge compsred with the variations in the sparking
distence, Furthermore, if the repetition rate of the spark is in-
areaged by increasing the number of arms mowmted on the same shaft,
the length of the moving electrode must be preportionstely increaged
if the relative amount of Jjitter is not to increase,

Qwing to the difficulty of reducing jitter beyond a certain
point with ressonshble dimensions between the fixed electrodes, the
spplications in which a retary spark gap can be used are rataer more
restriocted than those in which a triggered spsrk gap can operate.

For example, sinoe the time of discharge of the spark is liable to
some variation as the rotating arms spproach the fixed electrodes, it
cannot readily be ocowordinated with sn independent source of timing,
In faot when a rotary spark gap is used in radar equipment the timing
of the spark itself must be used as the basis of synchronisation of
the whole system if sccwrate measurement of time-intervals is required,
However; the random nature of the timing of a rotary spark gap in a
radsr equipment does decrease the chance of periodic externsl inter-
fering signals being "locked" to the tranmmitted pulse and so giving
the appesranes of an Eche (re-radiated signal).

When the spark is stryak the current flowing between the
eleotrodes is usually very heavy (50 amperes or more), and consequently
the electrodes of the spark gap tend to wear, - To minimige this it is
usual for the ends of the elestredes to be made of molybdenum, The
life of a rotary spark gap is determimed almost entirely by the wear
of the molybdenum electrodes, This wear is governed chiefly by the
valus and totsl durstivn of the current so that the life of the devioce
i3 roughly inversely preportionsl to the peak current, duration and
repetition rate of the sparks.

The fector which ultimately limits the maximun recurrence
frequency at which a spark gep can operate is the time taken for the
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gases to de-ionise, However, in a rotary spark gap the sparks are
unlikely to be maintained except during the short intervel when the
rotating arm is close to the stationary electrodes., Besides, the
spark normally takes place in air and is not enclosed, so that the
motion of the moving arm creates a draught which tends to clear ions
away from the fixed electrodes after a discharge has ceased in
readiness for the next spark, Tor these reasons the spark gap can
be oper):ated at a high spark recwrrence frequency (e.g. 2,500 per
second).

KEEP~-ALIVE ELECTRODE

RESONANT CAVITY ESONANT CAVITY

N

")

AN

: COUPLING LOOP

LOW PRESSURE
GAS FILLING

COUPLING LOOP

LIPS

GLASS ENVELOPE

SIDE VIEW

TUNING PLUNGER

COUPLING LOOP COUPRLING LOOP
—— METAL GLASS SEAL
LIP
e TUNING PLUNGER

PLAN

PFig. 309 - T/R Switch
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42, The T/R Switch

In many radar equipments one aerial system is used for both
transmisgion and reception of signals, This arrangement involves the
use of a switch which is so arranged that during transmission of RP
pulses the transmitted power is prevented from reaching the receiver,
whereas during reception the received power is allowed to pass
freely to the receiver, If the transmitted power were permitted to
reach the receiver, designed to deal with extremely low level signals,
(not greater than 1/10 watt), it would in general danage the receiver,
or at least render it inoperative for the reception of signals,

Transmitted peak powers are nomally considerably greater
then 1/10 watt (they may be 50 kW. or wore) so that the switch be-
tween the transmitter and receiver must operate so as to prevent
the major portion of the tranamitted peak power from reaching the
receiver. Furthermore, the switch must be capable of passing
received signals, which are in general of considerably less power
level than 4/40 watt, and should be able to do so within a fraction
of a microsecond after the transmitter has ceased to operate,

The construction of a typicel T/R switch is shown in Fig. 309.
It consists essentially of a rhumbatron, (cavity resonator, Chap. 5 Sec.
25) the lips of which are enclosed in & glass envelope conteining gas
at low pressure, The nomal filling of the envelope is water vapour
at & pressure of 6 mm., of mercury. Coupling of RF power in and out
of the resonator may be made by means of amell loops, which are fed
from coaxial lines, or by wave=-guide feed, while the tuning of the
resonator may be accomplished by means of screw plungers.

If the switch is inseérted in a coaxial line fed by a RF voltage
generator, the following
behaviour is observed.
For low RP powers, less
than 1/10 watt, if the
resonator is tuned to
the appropriate fre-
quency and the coupling
loops correctly ad-
Justed the switch acts
almost as a one-to-one
trangformer, and the
transmission is nearly
perfect; (Fig. 310).

In practice there is QUTPUT
a small loss of power

known as reoeption

or low-level loss of INPUT
the order of 0.5 db. ’
in paasing sthrough the
switohs, If the
input voltage is
increased, the RP Pig. 310 ~-.inalogue of T/R
voliage developed across switch circuit
the lips of the

resonator bescomes large

'OYOOOWVﬂ
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enough ultimately to initiate glow discharge. Once ionisation has
teken place this voltage remsins approximately oconstant at a low
velue, being snalogous to the extinction voltage of simple gas valves,
The power transmitied through the dsvice is then a function of the
running veltage, and since this voltage is effectively constant, the
power tranmmitted through the switch is small and practically inde~
pendent of the input voltage. The glow discharge can be considered
?s placin§ a low shunting resistance directly across the cavity.

Fig. 310).

The protection
afforded to the receiver
by the switch during the
perdod of operation of
the transmitter of a
radar equipment is
detemined by the ouTPUT
runing voltage of the POW ER

glow discherge and }

the break-down time of
the gap. The rumning
voltage is closely

related to the pressure

PROTECTION
CREATEST

of the water wspour
uged in filling the
switch, whilst the

/

breakdown time, besides o~ T
being dependent on PRESSURE ©OF WATER VAPOUR
conditions of operation (mm of Mmercurr)

(see below), ia also
related to the
effective Q (normally
about 300), of the
resonator, The Q of
the resonator deter-
mines the rate of rise
of voltage acrogs the
lips of the resonator.
The break down time
should be as short as
possible since, until
a glow diascharge is
formed, transmission
through the switch is
unimpaired, 1In
general the protection improves as the effective Q is inareased or as

the mier vapour pressure is lowered from 15 to 2 mm, of mercury;
(See Figo 511}.

The recovery time of the switch is also found to be dependent
on the pressure of the water vapour filling and on the effective Q of the
resonator. In general, the recovery time becomes worse as the effective
Q is increased or as the water vapour pressure is reduced from 15 to 2 nm,

of mercury.

Fig, 311 =~ Bffect on T/R switch
of variation of gas
pressure,

As the effective Q is increased the resonator tuning becomes
more critical,
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A water vapour fill-
ing is found to give a
short recovery time (Fig.312).
Other gases which are auit-
able from this point of view
are found to be unstable
when subjected to RF discharge;

i.es, there is a change OUTPUT VOLTAGE ’
in performence of the switch RATIO TNPUT VOLTAGE

with time, VWhen water
vapour is used it may be
necessary to provide heating
for the switch to prevent
the temperature of the
water vapour from falling to I S A 4
too low a value (below

i
0°c). |
i
'

The normal gas filling for a | 2 34506786 9to
switch having a resonator RECOVERY TIME IN MICROSECS
with an effective Q of 300 and ALL GASES AT A PRESSURE OF
used in oonneotion, say, with ABOUT 6 mm OF MERCURY.

power of frequency about
3000 Mc/s., is water vapour

e et Fig. 312 - Comparison of
mercury. This srrangeaent reco im
is regarded as & reasonable case :.ez‘.l.ng time for verious

ommpromise between protection,

recovery time and ocriticalness

of tuning adjustment. It

has already been stated that

the protection offered bv the

switch depends on the bresk-

down time of its gep. Provided ions are already present between
the lips of the switch this break-down time is very small and the
protection is good. :

The T/R switch, as considered so far, functions well for

repetition frequencies from about 500 per second upwards, but

does not protecs tne reoceiwer at the time wvhen the transmitter is
first switched on., In other words, once operation has started iona
persist in the spaoe betwsen the lips of the resenator during the
intervals between transmitter pulses, provided these intervals are
not longer” than about 2000 microsecs; but at the stert of operation
there are few if any ions present.

In order to provide the necegsary ions at the start of
eperation, it is usual to run a steady current discharge between an

auxiliery electrode (Starter or Keep-dAlive Electrode) and the wall of

the resonator. The current of this priming diascharge is normelly
sbout 1 to 2 mA. and operates at a running voltage of about 500 velts
between the auxiliary electrede snd the resomator., This priming
discharge must of course be struck before the tranmmitter is switched
on. There is no dissdvantage if the priming dischearge is left
opersting continuously while the radar equipment is in use, sinoce the
presenee of ions in the gap does not have any apprecisble effect en
the tranmsissien of received signals (of power less than 1/10 watt)
through the switch,.
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SPECIAL RESISTORS

43. Genersl

The resistors used in most elactriczl circuits arse made of
conducting materials which conform more or less faithfully to Ohm's
lawe In some instances, particularly at high frequencies, the
self-inductance and self-capacitance of a resistor are not negligible,
and must be allowed for as indicated in the equivalent circuit of
Fige313.

There are, however, other
substances for which the departure
frou simple proportion between
voltage and current (DC) is very
marked. Such substances may be
particularly useful for special
applications. The use of copper-
oxide or "cat's whisker and crystal®
rectifiers is vwell known and needs R L

no description here. In both cases
the surface junction of metal with c
non-metal introduces the non-linearity

which makes the combination useful
in rectifying or freguency-changing
circuits. ZElectrons leave the
metal more readily than the non-
metal, so that the forward and

reverse resistances have widely Pig., 313 - BEquivalent circuit of
different values. & practical ohmc
resistor at very high
Recently various hamogeneous frequer.cies.

materials have been developed which

ghow marked non-linearity in their

voltage~current cheracteristics

without the discontinuity asseciated

with the former combinations. The

registance decreases with an increase in current due to the unususl
bebhaviour of the conduction electrons in the atemic structure., In
addition, the negstive temperature cocefficients commonly associated
with quasi~conducters may have a marked eff'ect on the resistance~
current characteristic, since an increase in current raises the
tempersture snd so reduces the resistance,

In the case of Thermistors, described in Sect.45, this leads to an
actual fall in wliage as the current rises, so that beyond & certain
point the material exhibits the property of negative resistance,

bhe Metrogil

This is the trade name of & quasi-conduocting material originally
developed as » lightning srrestor and now widely used as & protective
devioe in power supply circuits. The V-I statlc chsracteristic for
Metrosil is shown in Figs 314 The curve follows a power law
¥ o 1P , 80 that the R=I curve alsoc follows a power law, The
particular value of f for a given Metrosil depends on the constitution
of the materisl used, By suitable manufacturing methods {3 can be
given any value between O+2 and O-4.

The constant of proportionality is given by the equation ;=
V= Rl I P

end a8 Metrosil element can be made to give any required value of Ry. This

334



Chap.6, Sect.i

I+

—»-D(<

22 T
20
__,-\——"
18 _——T @ A P
) \3
kY N
16— §/ ﬂ//
3] L]
I-4 7[ = /
2
10
o8 A METROSIL (@ =0-25)
8 OMWMIC RESISTOR OF
o6 RESISTANCE R,
o4 7
o2
o *1
' 2 3 4 &5 6 7 B8 9 10 Il 12 13 M4 15 ECURRENT)

Fig, 314k ~ V=I characteristios, (@) Metrosil:
( p =0-25) (b) ommie resistar of resistanceR1.,

d.cpnh, as in any other resistor, on the shape and size of the element,
If R 1s the resistance of the element for a valtage V and & current I,
then since ¥ = RI it follews that

Ra= 111((5'1) ,
opd by aubatitu%;n, we obtain

By
RI-————— .
i_
Y(F 1)

B‘.l is the resistance presented by the Metrosil element to a current of one amp.

Fig. 315 represents the resistance-voltage characteristic for a one-chm

Metrosil element with 8 = 0.25. For any other value of Ry (but the same 3 ) the
coordinates of Fig. 315 should be multiplied by R;. Thus, s 100 ohm Metrosil
element would have a resistence of 100 ohms for an applied potential

gfgggme of 100 V., but only 12.5 ohms if the applied voltage were increased

The response of Metrosil to alternating voltages is
instantaneous so that the static characteristics are usable
for AC as well as for DO, If a sinusoidal voltage is applied
to Metrosil the resulting current is very much distorted, and
the harmonic content must be taken into consideration when
caleulating the RMS value of the current. The RMS valus of the
ourrent (Ipyg) is obtained by multiplying by a factor ky the current
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/V’J_——

\\}

v {vours)
2

Fig, 315 ~ Resistance voltage
characteristic for a one-chm
Metrosil element withP = 0.25.

which would flow
in response to o
constant voltage FACKOR
equal te the RMS A

wvalue of the I
applied wltage,

The veriation

of ky with £ 1is
shown in Fig,316.

- N w

The 02 025 03 035 04
power digsipated
for a sinusoidal
applied voltage
is given by Pig, 316 - Veriation of kp with §.

P = Xp Vs Ty
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whexre kP depends solely

en 2 and varies as
shown in Fig. 317.
(kP is the Power Factor

for Metrosil, if F*g;”

this tem is used in 1

its general sense). ro
a1

A Metrosil element
usually takes the form

of a cersmic cempound o

moulded into a dise o2 f—

or ring. Dampnesgs [ A
can be eIcl ] g by 02 025 o3 035 04
impregnation er by

imnersion in cil, Heat Fige 317 = Vardation of kp with /3.

has little effect, the
compound being stable
snd mechanically streng
up to red heat. The power rating depenis to a large extent on the
mounting. With free air circuletion it is generally taken to be
1 watt/square in, of surface,

When short duration overloads sre to be withsteod, the energy
can be calculated from the approximate equation. (Energy in watt-
secs) = 712 x (Weight in k) x (Admissible temperature rise in °c).

It is found that with a rise of tempersture frem T, to T; ©C.
I& changes spproximetely according to the equation,
(R)z,= Ry, [2 - 0-0018 (2 - T,)].

Varicus applications of Metrosil are as follows :-
When used as a voltage limiter :-
(1) Lightning sxrrestor.

(i) Safety device to suppress transient surges in inductive
circuitse

(3ii) Pield discharge resistors.
(iv) Protection of contactor coils.
When used as & variable resistor i~
(v) ‘Overload protection.

(vi) Voltsge regulation.

(vii) Productien of harmonics.
(viii) Pulse shaping.

(ix) Bridged - contact switching.
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45, Thermistors

Thermistors, or thermally sensitive resistors, are devices made of
materials which have a high negative temperature coefficient of resistance.
The resistence clements are made from a mixture of certain metallic
oxides which are all semi-conductors, one of the ‘most frequently used being
ureniun dioxide, which has & sensitivity of 5 x 10% ohn-om. at 0°C,
decreasing to 2.8 x 10° obm-cm. at 1009, Fig. 318 shows the relevant
electrical properties of two commonly used thermistor materials, uranium
dioxide and nickel mangenese oxide, with the corresponding ocurve for
platinum added for comparison.

&
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10 N ~
SPECIFIC
RESISTANCE I Ni-Mn
OHMS/CM  _, SILVER OXIDE
10 SULPHIDE
-2
165
-3
16
16*
%, PLATINGM
lo 1 1
" ]
1)
-i00 [e] 100 200 300 400 500

TEMPERATURE °C

ig, 318 - Resistance temperature characteristics of thermistor
materialas, with curve of platinum for comparison.
»>

During manufacture the material is fired at a high temperature and is,
therefore, not affected by subsequent heating to about 500°C,

The resistance material may be formed, from heated compressed powders,
into small bead type elements, tubas, rods, dises or washers of various sizes to
cover a wide range of resistances and power handling capacities. The
heating of the element may be achieved by passing current through the
resistance materisl itself (directly heated typef, or by an independent
heater insulated electrically from the element (indirectly heated type) or
by placing the element in a heated enclosure and permitting the resistance
to be governed mainly by the ambient temperature.

Some typical thermistors are illustrated in Pig. 319.

A

MOISTURE PROOF FINISH

635mm
. [ o :
THERMISTOR DISC
KN A SOLDERED/TO PLATE
Jﬁ o @ :
J j\ : O
METAL
J PLATE
(@) {b) (c) (@) (e)

Fig, 319 - (a) (3 Directly-heated thermistors
(e) (&) Indirectly heated thermistors
() Disc thermistor
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Physical Properties of Thermistors

There are three main types of characteristic curves used to specify

thermistor performance:

the resistance/temperature curves, the resistance/

power curves, and voltage/current curves, Examples of these are shown

in Fig. 320,
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It will be noted from Fig. 320 (c) that as the current through
the thermistor is increased, the potential difference rises rapidly
and soon attains a maximum value, Therecafter there is a rapid drop
in the potential with further increase in current, Subsequently the
potential decreases very:slowly and mey under suitable conditions remain
constant over a feirly wide range of current. The negative slope
resistance property permits a wide range of applications,

In Fig. 320 (o) each time the current-is changed, sufficient time
is allowed for the potential to attain a new steady value. Owing to
its thermal capacity the change of resistance lags behind sudden changes
in applied heating power, The thermal time constant of average
thermistors lies between 0.5 and 4 seconds,

Application of Thermistors

{a) Their resistance temperature charscteristics make thermistors
very suitable for

(i) Temperature Measurement where the large value of
temperature coefficient of resistance, 5 to 410 times that of
platinuu, permits a hirher order of sensitivity to be attained
in conventional brid7e or other resistance therno wiry sysle in.
Mhe -aaximum operating temperature is limited to 5009,

(ii) Temperature Control Systems

(ii1) Compensators to correct for changes of resistance in
electrical elements, having positive temperature coefficients
of resistance, caused by ambient temperature variations.

(b) The voltage - current characteristics make theruistors very
suitable for

(1) Low Power Measurement In this application the thermistor
is designed to act as a power absorbing termminating resistance in the
transmission line, wbich may be of the open wire, coaxial or wave-guide
type and to form one arm of e Wheatstone Bridge circuit, The application
of the power to be measured decreases the themistor resistance and the
bridge is disturbea from the initially adjusted state of balance. From
the bridge weter reading or the resistance adjustment required to restore
the balance the incident power may be calculated. Methods of mounting
have been designed to minimise the reflecition of energy from the temmination
and assure accurate measurement of the power over broad bands in the

frequency spectrum.

The particular advantsges of thermistors for this purpose are that
they can be made small in size, have & small electricel capacity, can be
severely overloaded without change in calibration, and can easily be
calibrated with D.C, or low frequency power,

Powers from 1 microwatt to several hundred milliwetts may be measured
by this technique; the lower limit is set by the sensitivity of' the
Galvanometer and the complexity of preceautions taken, powers above 1 milli-
watt being measurable with comparative simplicity. The uncerteinty in
measurement by present thermistor techniques of powers of approximately
1 milliwatt is less than 7 db at 200 Mc/s, about 1 db at 3000 Mo/s and
about 3 dbs at 10,000 M¢/s.

When power measuring test sets are intended for use with wide
ambient temperature variations, temperature compensation of the thermistor
is essential. This may be accomplished by the introduction of two other
thermistors into the bridge circuit or by the combination of two or more
thermistors with different temperature characteristics.
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(ii) Oscillator Automatic Amplitude Control,
(41i) Amplifier Automatic Gain Control.

(iv) Regulators, Limiters, Surge suppressors, etc.

Dynamic characteristics.

If a thermistor is biassed at a point on the negative slope portion
of the steady-state voltage—current characteristic, and if a small alternating
voltage is then superimposed on the direct voltage, a small alternating
ocurrent will flow, If the thermistor has a small time constant, T , and if
the applied frequency is low enough, the alternating voltage-current
characteristic will follow the steady state curve and ““%7 will be negative,
As the frequency increases, !/ becomes smaller compsred withl and an increasing
phase lag between current and applied voltage developes, This is illustrated
in Pig. 321. A portion of the static curve (a) holds for direot currents.
As the freguency rises the graph assumes the form (b). When the phase delay
reaches 90° at a frequency fo, say, the impedsnce is a pure reactance,

(o) Purther increases in frequency are accompanied by a diseppearance
of the negative resistance property (d) and ultimately the thermistor behaves
like an ordinary olmic resistor (e) when the current and voltage are in
Phase.

v
15 AN A€ f= =)
14 £ \Q(fso) b7
N ’ “Xx
i3 I ' N dﬂ"l N :‘
. 42 17 A
12 Nk o L
~ | P id o r) [
" ’ \\;\"' 24 s NS
L.
o \ /, \’gl \‘ ~J
v ~
9 VDD g
,\ i rd s 7
8 l o/ /.’; /’11 //
A 34 >
l k’:a‘ N~‘- -’C
7 , -
6 A
4
e
s ’
4 ,’/
) L CURRENT
A AMPLITUDE
2 4
1 e’
I’ .
o |
O | 2 3 4 5 6 7 8 9 (0 Il 12 13 4 15 16 (7 18 19

Fig, 321 - Static characteristic (full) and dynamic
characteristic (dotted) of thermistor for diffevent frequencies.

The critical frequency is given approximately by fo = 1/2 T- Thus the
inherent thermal capacity of the thermistor limits the frequency range over
which the negative incremental resistance properties may be utilised in
oscillators, medulators, amplifiers, etcs. Thermistors have been designed
capable of oscillating at frequencies up to about 5 Ec/s but they cennot yet
be manufactured with sufficient reproducibility and constancy to be useful
cutside the laboratory,
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